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Preface
The IAH Working Group on Hardrock Hydrogeology was established in 1994 with the 
aim to stimulate international co-operation and facilitate exchange of information between 
hydrogeologists and other specialists concerning groundwater issues of hard rocks - frac-
tured crystalline (igneous and metamorphic) and consolidated sedimentary rocks. The 
organization is a ﬂ exible group of scientists and other professionals willing to co-operate. 
In 2002 the name of the Working Group on Hardrock Hydrogeology was changed to IAH
Commission on Hardrock Hydrogeology. The Commission stable working programme or 
project are interested in theoretical and practical issues of hydrogeology of hard or frac-
tured rocks. 
Regional (national or international) working groups can be set up in areas where 
hardrock hydrogeologists feel need to co-operate more closely. Up to now in Europe four 
regional working groups have been established:
• The RWG of the Bohemian Massif (Central Europe) was established in 1994.
• The Iberian RWG (Spain and Portugal) was established in 1996.
• The Fennoscandian RWG was established in 1998 and it covers extended hardrock 
regions in Norway, Sweden, Finland, Russia and Estonia. 
• The RWG of the Middle and East Mediterranean was established during the ﬁ rst 
workshop of the RWG held in 2002 in Hellas at the Tinos Island.
Co-operation in the Fennoscandian Regional Working Group is maintained by the steering 
committee represented by one member of each country. Up to now, the Fennoscandian 
RWG has organized three workshops: 1998 in Äspö, Sweden, 2001 in Oslo, Norway, and 
2004 in Helsinki, Finland. 
At the ﬁ rst workshop in Sweden the main topics were focused on groundwater chem-
istry and groundwater hydrology with emphasis on long term changes and scale prob-
lems. The participants also agreed on the main topics for co-operation in the near future 
(a) recharge and circulation of groundwater in till/hardrock areas, (b) relationships between 
well yield in hard rocks and the isostatic uplift of Fennoscandia, (c) quality problems in 
drilled wells (e.g. arsenic, ﬂ uoride, radon). In the second workshop in Norway the topics 
were focused on geothermal energy, water supply (ﬂ ow, quantity and quality of ground-
water in hardrocks), ﬁ eld measurements and environmental aspects.
Pertinently, the second of the series of regional workshops of the IAH Commission on 
Hardrock Hydrogeology was convened to Helsinki, Finland, 7-9 June 2004. The programme 
was prepared by the local organising committee consisting of the following specialists: 
• Research Professor Runar Blomqvist, Geological Survey of Finland;
• Ph.D. Jussi Leveinen, Geological Survey of Finland;
• Professor Juha Karhu, University of Helsinki, Geological Department;
• Director Timo Äikäs, Posiva Oy;
• Professor Heikki Niini, Helsinki University of Technology;
• Ph.D. Esa Rönkä, Finnish Environment Institute;
•  Programme Specialist Annukka Lipponen, Finnish Environment Institute, currently 
in UNESCO;
• Senior Coordinator Tuulikki Suokko, Finnish Environment Institute
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In the ﬁ rst announcement for this workshop the participants were called to submit the 
abstracts according to the main topics: a) assessment and exploration of hard rock ground-
water resources, b) ﬂ ow and transport modelling for groundwater protection c) hardrock 
hydrogeology in underground construction and rock engineering, d) alternative use of 
hard rock groundwaters: boreholes as heat sources or sinks, lightning protecton etc. and 
e) studies of groundwater quality: health risks assessment, problem solutions and feasible 
water treatment techniques. The presenters were also asked to evaluate the current training 
needs related to the topics in their respective countries. 
According to the submitted abstracts two of the original intended topics “(b) Flow
and transport modelling for groundwater protection” and “(d) Alternative use of hardrock ground-
water: Boreholes as heat sources or sinks, lightning protecton etc.” did not receive sufﬁ cient feed-
back from the potential writers. Therefore, these topics had to be slightly modiﬁ ed and 
expanded. Thus, their ﬁ nal titles now read: “(b) Flow and transport study methodology” and 
“(d) Geochemical studies for determination of long-term behaviour of  deep groundwaters”, which 
then obtained adequate response from the participants.
Totally 57 specialists attended the workshop, coming from 12 countries, mainly 
Finland and neighbouring countries Sweden, Norway, Estonia and Russia but also from 
Czechia, Portugal, Canada, France, Spain, Mauritius and Iran. In the workshop 19 presen-
tations were delivered and three posters were exposed, grouped into ﬁ ve ﬁ nal topics. 
The choice of excursion to the Olkiluoto site selected for deep geological disposal of 
spent nuclear fuel in Finland was the multidisciplinary investigations with emphasis on 
hydrogeological and hydrogeochemical investigations and evaluations. During the trip, 
lead by Timo Äikäs and Veli-Matti Ämmälä, the participants visited the built-up interim 
storage for the low and intermediate level waste and the ﬁ eld of boreholes up to the depth 
of 1,000 m. Thus, at the ONKALO site, detailed geologic and hydrogeologic information 
about the ﬁ nal disposal of spent nuclear fuel was obtained and the technology to be used 
was tested. 
In conclusion, the presentation and discussions of the participants demonstrated 
important achievements in hardrock hydrogeology and its practical applications during the 
last years. Eventually, important future issues of hardrock hydrogeology were discussed.
The Workshop was sponsored by the Land and Water Technology Foundation, 
Posiva Oy, Geological Survey of Finland (GTK) and the Finnish Environment Institute. 
The members of the Organizing Committee would like to express their gratitude to the 
participants of the Workshop, who actively presented versatile and interesting subjects 
for discussions. We also want to thank all the contributors during the presentation of the 
Workshop and at its meetings and ﬁ eld excursion. We are particularly grateful to the scien-
tiﬁ c reviewers for the mostly laborious scrutinizing of the written presentation of the 
Workshop. Especially, we want to make known our appreciation to Professor Jiří  Krásný, 
who actively took part in the planning of the Workshop and the discussions during the 
sessions. We hope and believe that the Workshop contributed to further fruitful studies as 
well as beneﬁ cial contacts and joint ventures in the area of hardrock hydrogeology. 
Helsinki, May 2005
Esa Rönkä
Chairman of the Organising Committee
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Opening sitting
Opening address and 
keynote lectures
Monday, June 7, 2004 at 9.30 –11.05 a.m. 
at the Finnish Environment Institute (SYKE), Mechelininkatu 34 a, 00260 Helsinki
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It is a great pleasure for the Finnish Environment Institute to host this 3rd Fennoscandian 
Regional Workshop on Hardrock Hydrogeology. 
Tasks of the Finnish Environment Institute
The Finnish Environment Institute (also known as SYKE, after the Institute’s Finnish 
acronym) is both a research institute, and a centre for environmental expertise. SYKE’s 
research focuses on changes in the environment, and seeks ways to control these changes. 
Our expertise is based on long-term environmental monitoring, wide-ranging research 
results, and the Institute’s highly-qualiﬁ ed staff. Our personnel is about 600, more than 430 
of them have an academic decree.
SYKE’s research programmes assess environmental problems from a multi-disci-
plinary perspective, by integrating socio-economic considerations into scientiﬁ c research. 
Research may focus on global environmental issues such as climate change and declining 
biodiversity, or on regional or local issues.
SYKE’s expert services provides vital expert assistance on a  wide-range of environ-
mental issues for administrators, local authorities, industries, ﬁ rms and other organisations. 
SYKE also monitors environmental trends and the state of the environment in Finland in 
close co-operation with Finland’s 13 regional environment centres.
SYKE serves as the national centre for environmental data in Finland. The  data stored 
in our information systems is widely used for environmental  monitoring, environmental 
modelling, forecasting and impact analysis.
SYKE co-operates closely with other research institutes, universities,  environmental 
experts and businesses, both in Finland and  internationally.
While carrying out today´s work it is crucial that we also analyse the expectations 
for the Finnish Environment Institute (SYKE) in the future. Building scenarios related to 
changes in our operating environment and  identifying our clients’ needs are top priori-
ties for SYKE.
Groundwater protection in Finland
The EU Water Framework Directive sets out the objectives for  groundwater protection 
applied in Finland. One major objective is to ensure that all groundwater reserves have a 
good quantitative and chemical status. 
SYKE co-ordinates the national groundwater monitoring network and maintains GIS 
databases on groundwater, thus providing essential background information to promote 
the management of these vital resources. Groundwater modelling is increasingly used to 
estimate the extent of the available groundwater resources. SYKE also contributes to devel-
opments in water supply methods and technologies, and provides expert advice on the 
protection and sustainable use of groundwater reserves.
Almost 7,000 aquifers have been surveyed in Finland. More than half of these reserves 
are exploitable for the water supply. It is estimated that  Finland’s aquifers are replenished 
by an average of almost 6 million cubic metres of water a day. Since the 1970s the use of 
groundwater for the water supply has steadily increased.
Most of Finland’s groundwater is of good quality, since it is better protected against 
contamination than the water in lakes and rivers. In some coastal areas where ground-
Opening Address
Department Director Esa Nikunen
Finnish Environment Institute (SYKE), Helsinki, Finland
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water is scarcer, however, water has had to be extracted from beneath clay deposits, and 
such reserves may have high iron and manganese content. In coastal areas, excessive 
groundwater extraction may also cause inﬂ owing seawater to contaminate wells. Harmful 
concentrations of arsenic, ﬂ uorine and radon occur in certain areas due to local geological 
features.
For the needs of an individual household, enough water from a drilled well can be 
found almost anywhere. It is estimated that total number of drilled wells in Finland is about 
150,000 (increasing yearly by almost 4,000 wells). Bedrock ground water can be used not 
only to supply individual households but also communities. Of course the requirements 
for better knowledge increases in case of bigger installations.
The rock is a very heterogeneous material and this poses many challenges for model-
ling. However, characterising groundwater ﬂ ow in bedrock is an important issue. It is 
crucial for water supply in rural areas where decentralized solutions are needed as the 
public supply cannot reach everyone. This characterisation of groundwater ﬂ ow is also 
important for using rock mass soundly and cautiously for example as depository for waste 
- including nuclear waste – this conference will visit Olkiluoto nuclear plant.
As we  all know here are  many geology-derived quality problems (arsenic, ﬂ uorine, 
radon) especially in drilled wells. Because of geochemical and hydrogeochemical research 
and improved analytical techniques we have been able to identify the health risk areas; this 
is of cause essential also for applying treatment techniques.
Finally, I would like to underline that bedrock groundwater needs to be seen holis-
tically as an important part of the hydrological cycle. Workshop’s ﬁ ve agenda topics are 
highly important and well in line with the targets of SYKE.
Once again, I extend a warm welcome to this workshop in Helsinki and in the Finnish 
Environment Institute and I wish all success for your important work.
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Words of welcome
Chairman Dr. Esa Rönkä
SYKE, Helsinki, Finland
The speaker welcomed the participants and expressed his delight for the pleasant total 
number of participants registered, 57 persons representing more than ten countries. 
He introduced the persons responsible for the arrangements of the meeting, himself
as Chairman of the Organising Committee, Mrs Tuulikki Suokko as General Secretary, 
Professor Heikki Niini as Reporter of Discussions, Director Timo Äikäs as the organiser of 
the excursion to Olkiluoto in western Finland, and Mr. Juhani Gustafsson as assistant in 
the practical arrangements of digital presentations.
The Chairman also complained about the fact that due to difﬁ culties with Russian 
visa authorities the two presentations by Russian participants had to be postponed. These 
presentations will be heard on Wednesday.
Finally the Chairman introduced the ﬁ rst Keynote Lecturer, Professor Jiří Krásný, to 
the audience. Professor Krásný is also the Chairman of the IAH Commission on Hardrock 
Hydrogeology and the initiator of the traditional regional workshops.
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The lecturer brieﬂ y described the traditions, already established, not only with the inter-
national conferences organised by IAH, but also with the regular regional workshops held 
in Oslo in 2001 and in Stockholm 1998 with an excursion to Äspö underground test site, 
and now in Helsinki.
The IAH hardrock group was established in 1994. The target is co-operation between 
hydrogeology research workers interested in fractured rocks. Till now, representatives from 
40 countries have joined the group. The work has been divided into smaller groups concen-
trating on certain regions, the Bohemian Massif (Leader Krásný), Iberian RWG (Leader 
Chambel), Fennoscandia (led by steering committee; Olofsson, Rohr-Torp and Rönkä),
and Middle and Eastern Mediterranean (Leader Stournaras, Greece).
Up to now, seven workshops have been organised, and a major symposium was 
arranged in 2003 in Prague. The meeting results have been documented in seven meeting 
proceedings. The next regional workshop after Helsinki will take place in Iberia, May 2005. 
The next International Congress will take place In Mexico, October 2004.
As a wider framework (than Fennoscandia) the Keynote Lecturer listed several issues 
of high importance:
1.  Instability of regions, which inﬂ uences in such a manner that the hydrogeological 
conditions do not seem to coinside with surﬁ cial manifestations,
2.  Hydrogeological background, which can be regarded as comprising three differently 
depth-related zones, namely, the local, intermediate, and regional ones, characterised 
in the upper levels by HCO3 and SO4, and in the lower levels by NaCl and CaCl,
3.  Genesis of the Bohemian Massif deep groundwaters with high TDS (>14 g/kg), for 
which the speaker sketched (in addition to the old emphasis on volcanic activity) an 
interesting possibility of exogeneous origin, the basic reason being a long-lasting dry 
period (lasting tens of millions years) when waters of salt lakes in an ancient ﬂ at-
topography area slowly ﬂ owed down to considerable depths,
4.  Carlsbad type mineral waters,
5.  Bohemian Massif brines, which owe their typical characteristics to a relatively recent 
uplift of the Bohemian massif, in connection with which part of the warmed deep 
high-TDS waters tend to discharge in brine wells, nowadays also affected by anthro-
pogenic disturbances caused mostly by water supply, (lignite) mining, deep construc-
tions, and pollution from many sources, 
6.  Protection of brines; this target being here more difﬁ cult than in areas of “normal” 
groundwater, because the therapeutical use of water in spas is expressly based on the 
non-renewable parts of groundwater resources, 
7.  Changes in hydraulic gradients and other framework factors. In addition to rapid 
changes caused by man’s activities, also slow tectonic movements may change the 
conductivity of the ground, and changes in the discharge conditions throughout 
geological times may even affect sea water salinity.
Keynote lectures
Paleohydrogeological and paleoclimatic analysis of 
Central Europe: a key to present-day hydrogeological 
conditions
Question by Olofsson, Sweden
How fast do the last-mentioned changes take place, and can we really measure them?
Reply by Krásný, Czech Republic
It was a more or less a provo cative suggestion, but the assumed processes are in any case very slow. 
The suggestion is rather based on indirect conclusions than deliberate measurements.
Professor Jirí Krásný
Charles University Prague, Praha, Czech Republic
ˆ
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The role of ﬂ uids and fracture minerals in crystalline 
shield environments
(Paper distributed separately.)
Professor Schaun Frape1, Alexander Blyth1, Runar Blomqvist2, Randy Stotler1 & 
Timo Ruskeeniemi2
1) University of Waterloo, ON, Canada
2) Geological Survey of Finland, Espoo, Finland
After the presentation, the chairman distributed examples of a comprehensive article by 
Frape, Blomqvist and others that contains in detail (on pages 541–580) the information now 
presented in summarized form. The article belongs to Volume 5 of the textbook “Treatise on 
Geochemistry” edited by H. D. Holland and K. K. Turekian, published in 2003 by Elsevier–
Pergamon, Oxford.
Question by Suksi, Finland
The presence of calcite seemed to be important, but what can you say about the role of ﬂ uids and fracture 
minerals if the fractures contain no calcite.
Reply by Frape, Canada
It is difﬁ cult, but according to our statistics only 25 percent of all fractures are open and may lack calcite. 
Even open fractures are always closed at places, and then they contain at least some calcite. In addition, 
the fact that calcite in places has not been precipitated (or has been dissolved) is an important piece of 
information that together with other observed facts give certain bases for signi ﬁ cant conclusions.
Additional comment by Blomqvist, Finland
In televiewer photos (a couple were shown by him) a fairly exact picture of the small fractures can be 
obtained.
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1First session (Topic 1)Assessment and exploration of hardrock groundwater resources
Monday, June 7, 2004 at 11.10 –12.20 at SYKE 
Chair: Dr. Esa Rönkä and Professor Heikki Niini
Oral presentation by Dr. Antonio Chambel: Hydraulic characterization of 
hardrock aquifers of the South Portuguese Zone (South Portugal), using step test 
analysis by AQFIS and STEPREGR software (see Vol. of Abstracts, p. 7-9) 
Oral presentation by Ms. Annukka Lipponen: Temperature and ﬂ uid 
conductivity measurements in drilled wells of Leppävirta: comparing 
hydrogeological environments as indicated by different methods 
Oral presentation by Dr. Ylo Systra: Groundwater in the hard bedrocks of 
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Abstract
Fluid electric conductivity and temperature (T) measurements by a conductivity- T probe, 
a multi-parameter probe and a geophysical logging system were carried out to compare 
the hydrogeological environments in two drilled wells in Leppävirta. The results were 
evaluated to assess any differences in the extractable information by the different methods 
for hydrogeological investigations. Potential challenges in the application of specialized 
geophysical logging include appropriate calibration for and sensitivity to the parameters 
in question. Relative variation within a well and between wells can be measured with a 
greater certainty than absolute values. For quantitative measurements, cross-validation by 
another method is recommended. Already the common conductivity-T probes can deliver 
indications of differing groundwater ﬂ ow conditions in the wells.
Keywords: borehole measurements, conductivity, drilled wells, geophysical logging, 
Leppävirta, Finland
Introduction
Measurements by a multi-parameter probe and a simple conductivity-temperature (T) 
probe are used to compare the hydrogeological conditions in two drilled wells. In one of 
the wells, results were also compared to those from borehole geophysical measurements 
(Wellmac) that require a more complicated equipment setting, carried out by Astrock Oy. 
The consistency of the results by different methods is assessed from the viewpoint of appli-
cability, considering that the former two methods are more affordable and commonly more 
accessible to a practising hydrogeologist. The aim was also to explore the sensitivities and 
limitations of the methods.
The two surveyed rotary-drilled wells (160 mm in diameter) are located 30 m apart 
in the prominent NW-SE fracture zone coinciding with a lithological contact in which 
several communal water supply wells are located in Leppävirta, Finland (Fig. 1). HN3 is 
a low-yield well entirely within mica gneiss (Fig. 2a) and HN4 that penetrates sections of 
both granite and mica-gneiss (Fig. 2b), has an adequate yield for municipal water supply, 
approximately 100 m3/d, as estimated from a pumping test. HN3 is 90 m deep, HN4 78 m. 
Due to gouge released from fractured zones in the bedrock (Breilin et al. 2003) or sealing 
problems, HN4 is not in use.
Since the 1990s, investigations have been carried out for the assessment of bedrock 
groundwater potential of the area mainly by the municipality, together with the former 
Water and Environment District of Kuopio and the Geological Survey of Finland (GTK). 
They include pumping tests, water quality analyses and geophysical ground surveying, 
such as seismic soundings. Fracture zones were traced using aerogeophysical and topo-
graphic data (Breilin 2000, Breilin et al. 2003). 
The bedrock of the area consists mainly of Archaean and Svekofennian schists (1900 
Ma) in the north and east, and Palaeoproterozoic granitoids (1900-1800 Ma) to the west and 
south (Korsman et al. 1997). The main rock types are mica gneiss and schists, granite, gran-
odiorite, and intermediate to maﬁ c volcanics.
Temperature and ﬂ uid conductivity measurements in 
drilled wells of Leppävirta: comparing hydrogeological 
environments as indicated by different methods
Annukka Lipponen1, Jyrki Tossavainen2 & Esa Rönkä3
1) Finnish Environment Institute, presently UNESCO, Paris, France
2) Southeast Finland Regional Environment Centre, Kouvola, Finland
3) Finnish Environment Institute, Helsinki, Finland
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Methods
Borehole geophysical measurements were carried out by Astrock Oy, using Wellmac logging 
equipment of Malå Geoscience, which has more commonly been applied in nuclear waste 
disposal studies or mineral exploration. A detailed description of the equipment can be 
found e.g. in Nilsson & Gustafsson (2003). Temperature (T) and ﬂ uid resistivity measure-
ments are part of a wider range of geophysical logging techniques applied in HN4 which 
for the most part reﬂ ect the properties of the rock mass. The logging tool has a cable that 
is operated with an electrical system and winch for trolling up and down the borehole, 
which requires relatively sophisticated arrangements. Results from the gamma spectrum 
measurement as well as borehole radar survey have been reported elsewhere (Lipponen 
& Julkunen 2003, Lipponen et al. 2004).
Figure 1. Wells HN3 and 
HN4 and municipal supply 
wells in Sorsakoski shown 
against the background of 
a bedrock map combined 
with a digital elevation 
model. The interpreted 
fracture zones (GTK) are 
indicated as blue lines. 
Modiﬁ ed from Klockars 
(2003).
Calibration of the speciﬁ c ﬂ uid resistivity detector of Wellmac was made earlier by 
comparing the results to values shown by a conductivity meter calibrated with a standard 
solution. Mainly T and electrical conductivity measurements carried out by a multi-param-
eter probe (MiniSonde, series 4 by Hydrolab) and by a conductivity-T probe (YSI Model 
3000 Temperature-Level-Conductivity Meter) are compared. The multi-parameter probe 
has ﬁ eld-replaceable sensors. The instrument has T-compensated conductivity ranges, 
correcting the readings from water automatically to 25°C.
The multi-parameter probe also measured oxygen, oxygen saturation %, depth, pH, 
oxygen-redox potential and chloride (Cl-) concentration. The in situ values are compared 
with a chemical analysis of the water in well HN4 which is available for reference (Table 1). 
The borehole waters in Leppävirta represent mostly bicarbonate waters typical to Finland 
(Klockars & Lipponen 2003; Lahermo et al. 1990).
The measurement increment for the multiparameter probe was most commonly 1 
m, but varied from 0.3 to 1 m. With the conductivity-T probe, the measurements were 
made mostly at 1 m increments in the upper part and 2 m in the lower parts of the wells. 
With the Wellmac, the T and ﬂ uid resistivity were recorded as continuous measurements. 
Electrical conductivity is the reciprocal of electrical resistivity (1/(ohm-m)). Fluid-resistivity 
logs reﬂ ect changes in the dissolved-solids concentration of the well water and ﬂ uid move-
ment within the column (e.g. Keys 1997).
Results
The conductivity measured by both the multi-parameter probe and by the conductivity-
T probe in the wells is generally in fairly good agreement (Fig. 2), both showing the same 
general trends. An exception is a positive anomaly picked by the conductivity-T probe just 
below 10 m depth in HN4, which cannot be detected in the multi-parameter probe log. The 
differences may result from disturbances caused by the logging in the water column despite 
the pauses held in between the runs, because the ﬂ ow is not rapid. The differing dimen-
sions of the probes (the diameter of the conductivity-T probe is approx. 2.5 cm and that of 
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the multi-parameter probe is 4.4 cm) and wires may also have a minor impact. The chem-
ically analysed conductivity from a pumped sample that does not represent a particular 
depth, but rather shows the ﬂ ux-averaged value, is 93.2 microS/cm (Table 1.) and hence is 
in the same range. The water sample has been taken in August whereas the measurements 
were made in March 2001 (Wellmac) and early April (others). In a recent study of ground-
water quality of the supply wells of the area, covering particularly the period 1998-2002 
(Klockars 2003), no signiﬁ cant seasonal quality variation was observed.
Figure 2. Well logs indicating rock types and conductivity logs for wells HN3 (a) and HN4 (b). The ﬂ uid 
resistivity log for HN4 is shown in (b). The black rectangle in the upper part of the logs indicates the metal 
casing. The conductivity log (in µS/cm) on the right is converted from the ﬂ uid resistivity measurement by 
Wellmac; the differing scale is shown below the log.
When the conductivity logs of the two wells are compared (Fig. 2), the values of conduc-
tivity are clearly higher in HN3 than in HN4. HN4 had been test pumped and was also 
observed to have a higher yield. In well HN4, from the depth of 15 m downwards particu-
larly, the conductivity values are very stable as detected by both the probes (Fig. 2b). It can 
be inferred that some inﬂ ow and mixing or vertical ﬂ ow is taking place in the lower part of 
the well. In HN3, the steady rise of conductivity as a function of depth from the depth of 
20 m downwards is evident (Fig. 2a), a feature commonly linked to an increase of dissolved 
solids (e.g. Chapman 1992). The conductivity values corresponding to the ﬂ uid resistivity 
values measured by Wellmac (Fig. 2b) are a decade too high compared with those measured 
by the other probes. This was tracked to result from marking error for reading the order of 
magnitude in the calibration. Nevertheless, similarly to the two conductivity logs, the log 
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of Wellmac records the greater variation in the upper part of the ﬂ uid column, above the 
depth of approx. 16 m. Due to the continuous measurement, the method provides a more 
detailed log.
A slight rise in T as a function of depth was captured by all the methods (Fig. 3b) in HN4. 
The measurement with the conductivity-T probe indicates a higher T by approx. 0.5°C 
in HN3 than in HN4. The T log measured with the conductivity-T  probe in well HN4 
being more even than in HN3 could likely be due to the more ﬂ ow into well HN4 and the 
resulting mixing in the water column.The T detected by Wellmac being lower is attributed 
to the timing of the Wellmac measurement earlier in Spring. As the logged wells are of large 
diameter, convection can complicate the interpretation (Keys 1997). The clear divergence is 
observed in well HN3 below the depth of 10 meters between the T recorded by the conduc-
tivity-T probe and by the multi-parameter probe (Fig. 3a). The T log of the multi-param-
eter probe, unlike that of the conductivity-T probe, does not indicate much of a difference 
from HN4, which raises the issue of representativeness. Possibly due to the lower yield, 
disturbance caused by the measurements remains longer in HN3. Some difference could 
also result from the response of these probes with different dimensions, e.g. equilibration 
to the ﬂ uid temperature. Repeating the measurement or supplementary information could 
potentially help explaining the observed features.
The more dynamic conditions in the high-yield well HN4 stand out, particularly in the zone 
at a depth of approximately 15 m where the casing ends. This zone appears as a maximum 
both in T and as a more pronounced one in the conductivity data (Fig. 2b). The positive 
anomaly in the conductivity log converted from the ﬂ uid resistivity measurement below 
the depth of 15 m (Fig. 2b) likely indicates a water-producing/water-receiving zone. The 
chloride measurement also picks a peak at this depth (Fig. 4b). A plausible explanation 
would be seepage of surface water into the well, as the peak coincides with the bottom of 
the casing at the depth of 14.7 m in HN4.
Figure 3. a) Temperature (T) logs measured in well HN3. b) T-measurements in well HN4. The caliper log 
by Wellmac measuring the borehole diameter indicating fracturing in the borehole is shown on the left. Note 
the difference in the timing of the T-measurements: Wellmac in March and the others in April.
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Table 1. Chemical water analysis (August 22, 2001) of well HN4. The parameters for which there is a corresponding in situ measurement of vertical distribution 
(Fig. 4), are indicated in blue.
Parameter Value Unit Param. Value Unit Param. Value Unit
acidity 0.04 mmol/l Mn 350 µg/l Cl- < 2 mg/l
alkalinity 0.7 mmol/l NO3 < 1 mg NO3/l K 2.2 mg/l
Al < 20 µg/l NO2 < 0.01 mg NO2/l Na 6.0 mg/l
NH4+ < 0.1 mg NH4/l KMnO4 consumpt. < 4 mg/l pH 7.1
F- 0.66 mg/l Fe 220 µg/l Mg 3.1 mg/l
PO43+ 58 µg P/l turbidity 0.93 FTU SO4 15 mg/l
O2 2.8 mg/l conductivity 93.2 µS/cm free CO2 4.4 mg/l
Ca 7.9 mg/l
The multi-parameter probe gave mixed results for the water quality parameters: expectedly, 
T and pH changed very little below the uppermost few meters, whereas the measured Cl-
concentration clearly had a larger amplitude of variation. Both a systematic error (chemi-
cally analysed Cl- was <2 mg/l, table 1) and drift was observed in the results of the chloride 
Figure 4. In situ quality measu rements by multi-para meter probe in wells HN3 (a) and HN4 (b).
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measurement (Fig. 4), which are inferred to result from the aging of the chloride detector 
(lifespan guaranteed by the manufacturer is short, 3-6 months) and possibly also from the 
relatively demanding calibration. When comparing with the measurement logs, it should 
be noted that the analyzed concentration is essentially ﬂ ux-averaged, weighted according 
to the transmissivity of the water producing zones.
The measured in situ oxygen, which drastically drops below the depth of approx. 13 
m (Fig. 4b), is lower than the oxygen content in the analysed sample (Table 1) which is from 
water mixed in pumping and hence not representative of any particular depth.
The methods indicate the greatest variation in the measured parameters in the upper-
most part of the wells, especially above the depth of 20 m. The depth zone 15-30 m in both 
wells appears to be more fractured. In HN4 this is supported by the caliper log (Fig. 3b) 
that measures hole diameter mechanically, which indicates this section to be more fractured 
than the rock mass deeper down. The even T-log (Fig. 3b) suggests vertical ﬂ ow. 
Discussion
The advantages of the conductivity-T probes are the accessibility, affordability and the low 
level of experience required for successful measurements. The information obtained is 
commonly limited to T and certain water quality parameters. Groundwater ﬂ ow properties 
of the bedrock can only be inferred indirectly. For the tested conductivity-T probe the depth 
reach is limited to 50 m, which in many cases can be considered adequate for surveying the 
more fractured surface zone of the bedrock that has the most dynamic ﬂ ow conditions and 
more groundwater storage to support communal wells. The multi-parameter probe has a 
depth range of 0-100 m. The depth range of Wellmac depends on the cable, but with the 
equipment of Astrock Oy, for example, it can be extended to 1200 m.
For a proper functioning and especially for quantitative interpretation, regular cali-
bration of the measuring equipment is crucial. An increasing number of parameters and 
level of sophistication add to the calibration and maintenance need. The calibration needs 
are sensor-speciﬁ c and the resulting differences should be taken into account. Appropriate 
references and calibration are particularly important when applying non-conventional 
methods such as Wellmac logging system to water supply investigations, which are used 
for a range of different ﬂ uids. 
Even when values of measured parameters are not absolute, as was the case with 
chloride, conceptual information is useful. Measuring ionic parameters can extend knowl-
edge of groundwater conditions, but independent veriﬁ cation from analysis should be 
used for prooﬁ ng, preferably by sampling at different depths. The resulting continuous 
measurement as a function of depth may provide means of identifying sections with inﬂ ow 
of poor quality water.
Surveying with probes detecting more explicitly changes in water quality can be 
complemented by adding borehole geophysical parameters that provide information also 
on the rock mass properties such as fracturing beyond the immediate surface. Techniques 
surveying the properties of the water column are not prone to the potentially disturbing 
factors such as a large borehole diameter or uneven surface of the borehole wall.
Conclusions
•  The simple conductivity-T probe delivered the key information on the most robust 
parameters
•  Relative variation – observed with a higher level of conﬁ dence- provides useful 
indications on the groundwater conditions, even when the values are not absolute.
•  Crosschecking with another measurement method or analysis is crucial for conﬁ dence, 
in particular when using non-conventional methods.
•  Logging of quality parameters can be used to detect zones of potentially poor 
groundwater quality and to guide sampling.
•  Conductivity and T measurements serve as independent veriﬁ cation for ﬂ ow taking 
place when surveying properties of the rock mass only detects fracturing.
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Comment by Leveinen, Finland
Additional information on studies of the same target area is available in the Geological Survey of Finland.
Comment by Lipponen, Finland
It is important that co-operative method development will be continued by several counterparts.
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Abstract
The sedimentary cover sequences of Estonia contain ﬁ ve signiﬁ cant groundwater aquifers 
with a combined volume nearly 2000 km3 of groundwater (Vallner 1997). Each aquifer is 
divided into zones of active and passive water exchange with boundaries between zones at 
depth on 200 – 250 m. In NE Estonia, groundwater composition is strongly affected by oil 
shale mining. The total daily water consumption in Estonia is only 156 000 m3, whereas the 
estimated resources available are 556 000 m3/d. It may be possible to export drinking water. 
Groundwater commonly satisﬁ es the standards of a very good quality drinking water.
Key words: groundwater, Estonia, aquifers, aquitards, zones of active and passive water 
exchange, potentiometric surface, groundwater composition, groundwater resources
The main features of the bedrock geology of Estonia 
Estonia is located in the NW part of the East European Craton, on the southern slope of the 
Fennoscandian Shield. The Precambrian basement consists of strongly folded and meta-
morphosed gneisses, amphibolites and granulites of the 1.9 – 1.8 Ga Svecofennian Orogeny, 
which are intruded by rapakivi-type granites of age 1.67 – 1.54 Ga (Raukas, Teedumäe 1997). 
The crystalline basement is overlain by Vendian – Devonian cover sequences. The thick-
ness of the sedimentary rocks varies between 100 m in northern Estonia and 600 m in the 
South Estonia (Fig. 1). 
Figure 1. North-south geological cross-section through Estonia (after E. Kala 1995, modiﬁ ed).
The 120 m thick Vendian sandstone-clay sequence near Narva wedges out towards 
SW Estonia. The lower part of Cambrian is represented by Lontova Stage clays with a 
maximum thickness in NE Estonia about 90 m, while the upper Cambrian is represented 
by weakly cemented sandstones, varying from 20 to 40 m in thickness. Overlying Early 
Ordovician sandstones, argillaceous slate and glauconitic sandstones have a total thick-
ness of 10 – 60 m. Towards the end of Early Ordovician, when the Baltic plate reached the 
subequatorial zone, terrigenous sedimentation was replaced by carbonaceous sedimenta-
tion, which continued through to end of the Silurian. The thickness of Ordovician carbon-
aceous deposits is consistently between 65 and 210 m; Silurian limestone, marl and dolo-
mite extend to depths 250 and 455 m (in the Ruhnu well). 
Groundwater in the hard bedrocks of Estonia
Ylo Systra1 & Rein Perens2
1) Tallinn University of Technology, Tallinn, Estonia
2) Geological Survey of Estonia, Tallinn, Estonia
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The Devonian sediments overstep different levels of Ordovician and Silurian bedrock with 
structural unconformity in southern and eastern Estonia (Fig.1). In the beginning of the 
Devonian the Baltic plate linked up with Laurentian plate, which formed the Caledonian 
orogenic belt in Scandinavia and caused uplift of crust in Estonia. Extensive clastic sedi-
mentation took place in the Middle Devonian. The thickness of the sandstones, often cross-
bedded and with clay intercalations and lenses exceeds 400 – 450 m. In the lower part 
of this sequence the Narva Stage dolomites and marls form a comparatively good aqui-
tard between two Middle Devonian aquifer systems. The Upper Devonian carbonaceous 
rocks are the youngest rocks belonging to the bedrock and sequences are developed in a 
restricted part of SE Estonia. The unconsolidated Quaternary sediments of variable origin 
and age cover the bedrock; – in northern and central Estonia their thickness usually does 
not exceed 0.5 – 5.0 m,  but on northern slopes of the elevated terrain in southern Estonia 
their thickness reaches 50 – 100 m and in ancient buried valleys may even locally exceed 
200 m.
Main groundwater systems and aquitards of Estonia
Water from Quaternary deposits is used mostly locally by farms. Supplies of domestic water 
are drawn from buried valleys at Vasavere near Jõhvi, in Tartu and Tallinn. The Upper 
Devonian aquifer system (D3) consists of karstiﬁ ed and fractured dolomite and limestone 
in SE Estonia with a total thickness of 15 – 25 m and is used as a water supply in a few 
places. There are ﬁ ve major aquifer systems in the sedimentary bedrock of Estonia: Middle 
Devonian, Middle-Lower-Devonian-Silurian, Silurian-Ordovician, Ordovician-Cambrian 
and Cambrian-Vendian, which are separated from each other by aquitards of different 
isolation capacity (Perens & Vallner 1997; Perens 1998). The groundwater in the crystalline 
basement occurs in fractured zones, where the weathered rock is highly mineralized; – the 
total content of dissolved salts (TDS) may reach 21.7 g/l (Pärnu well). 
The Middle Devonian aquifer system (D2) extends through southern Estonia between 
the Gulf of Liivi (Riga) and Lake Peipsi, with its northern boundary located approximately 
along the Häädemeeste – Mustvee line (Fig. 2). The thickness of the aquifer system increases 
southwards up to 250 m in the Haanja Heights. It consists of sandstones and siltstones with 
intercalations and lenses of clay. Bedrock exposed on the slopes of deep river valleys and 
elsewhere is blanketed by Quaternary deposits, ranging from 5 – 80 m in thickness. The 
potentiometric surface lies at a depth of 10 – 15 m in upland terrains, while in lower areas 
most wells are ﬂ owing (Tõrva, Valga, Võru, Antsla etc.). The absolute height of the poten-
tiometric surface ranges from 80 to 130 m in the Otepää and Haanja heights; – in Sakala 
Upland between 50 – 80 m. The lateral conductivity of the aquifer system is rather uniform, 
predominantly 1 – 3 m/d. Well discharge rates vary between 200 – 700 m3/d at 3 – 7 m draw-
down level. The speciﬁ c capacity of the wells is typically 0.4 – 1 l/s per metre. The D2 aquifer
system is used to supply water to Tartu, Viljandi, Elva, and Kallaste.
The Narva regional aquitard (D2nr) consists of layers of siltstone, dolomite, marl and 
clay of the Narva Stage (in Fig. 1 shown as the brick-ﬁ lled horizon in the lower part of the 
Devonian ﬁ eld) with a total thickness of up to 90 m. In southern Estonia it forms the upper-
most effective bedrock aquitard with transversal conductivity of 10-5 – 10-4 m/d, in places 
10-6 or even less. The Narva aquitard separates the Middle Devonian aquifer system from 
the underlying water-bearing complexes.
The Middle-Devonian-Silurian aquifer system (D2-S) consists of weakly cemented 
sandstone and siltstone with intercalations of clayey or dolomite-bearing rock of Middle 
Devonian age (up to 53 m, Pärnu Stage) and undivided Lower Devonian bedrock (20 – 90 
m). Together with the underlying Silurian carbonaceous strata this sequence supplies water 
to Pärnu, Viljandi and Tartu. In the Devonian rocks of southern Estonia aquifer system 
lies at depths more than 200 m below the sea level and the water is usually conﬁ ned. The 
potentiometric surface is at a depth of 10 – 20 m below ground in the upland and ﬂ owing 
wells occur in lowlands. The water yielding capacity of the sandstone is relatively high. The 
discharge of wells is usually between 260 – 700 m3/d at 4 – 10 m drawdown. The speciﬁ c 
capacity of wells ranges between 0.25 – 1.0 l/s per metre of draw-down. Conductivity of 
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sandstones stays mostly between 2 and 6 m/d, but sometimes reaches 8 – 10 m/d. The trans-
mission coefﬁ cient of the aquifer system is 50 – 500 m2/d, the storage coefﬁ cient ranges from 
0.001 to 0.15.
The Silurian-Ordovician aquifer system (S-O) consists of limestone and dolomite 
with marl interlayers. The bedrock sequence near the surface, about 30 m, is cavernous, 
jointed and fractured. Caverns are more common in dolomite and dolomite marl. At deeper 
levels the number of caverns and joints quickly decreases and the bedrock behaves as an 
aquitard. Southward from the Ikla-Elva-Mehikoorma line the system yields practically no 
groundwater. The impeller method (ﬂ owmeter logging) has been used in the ﬁ ltration char-
acteristic study of bedrock (Perens & Vallner 1997). The results indicate that Ordovician-
Silurian carbonate rocks have sporadic water-conducting zones along bedding-plane joints 
and in vertical fractured zones. The horizontal water-bearing zones are 1 – 2 m thick and 
separated from each other by 5 – 10 m dry rock layers. Water in horizontal zones is in 
contact with other zones through the vertical zones. Only about 13 % of the bedrock in 
wells usually contains water. 
The average transmissivity of carbonate rock in the upper part of sequence, the ﬁ rst 15 
m, is 400 m2/d. Downwards the total transmissivity of rocks increases and at depths 50 – 75 
m reaches 630 – 700 m2/d respectively. The depth of 75 m can be considered to be the lower 
boundary of layers yielding sufﬁ ently for the whole aquifer system. In zones of tectonic 
dislocation transmissivity increases and often exceeds 1000 m2/d. The lateral conductivity 
in the carbonate bedrock is variable: 10 – 50 m/d in the topmost 20 m, 5 – 8 m/d at a depth 
of 20 – 50 m and only 1 – 2 m/d at a depth 50 – 100 m. Outside of the fractured zones in the 
deeper strata the lateral conductivity usually does not exceed 1 m/d. On the foot of uplands 
and river valleys the potentiometric surface often is 0.5 – 2 m above the ground, which is 
the reason for many springs and ﬂ owing wells (Heinsalu & Vallner 1995). 
In the Pandivere Upland the groundwater level is at a height of up to 110 – 120 m 
above sea level (Fig. 2A). The speciﬁ c capacity of wells tapping the upper portion of the 
aquifer system ranges from 1 to 3 l/s per metre, being 3 – 5 l/s per metre on average; – in the 
deeper ﬂ ow capacity usually does not exceed 1 l/s per metre. The average yield of wells by 
drawdown to 5 – 10 m is 400 – 900 m3/d. The average speciﬁ c yield of the conﬁ ned aquifer 
system is 0.02 – 0.06, depending on the degree of fracturing and karst. The storage coefﬁ -
cient changes between 10-6 and 10-3. In NE Estonia the aquifer system is strongly inﬂ uenced 
by oil shale mining (about 12 – 13 million tons yearly) and pumping out from mines and 
quarries about 600 000 m3 groundwater per day.
Figure 2. Potentiometric levels of the aquifer systems of Estonia, modiﬁ ed after Vallner (1980). Aquifer 
systems: (A) Silurian-Ordovician, (B) Ordovician-Cambrian, (C) Cambrian-Vendian.
The Ordovician-Silurian regional aquitard (S-O) consists of Lower Ordovician 
Pakerord, Varangu and Latorp Stage argillite, clay, siltstone, marl and limestone in 
lower part, extending 30 km southwards from the North-Estonian Klint. Further south 
the aquifer includes all Ordovician and Silurian rocks. The thickness of the aquitard 
increases from 5 – 8 m near the Klint to 200 – 350 m near the southern border of Estonia. 
Conductivity of rocks is very variable; – the lateral conductivity ranges between 0.001 
and 1,0 m/d, sometimes attaining 2 – 5 m/d, and the transversal conductivity ranges from 
10-7 to 10-5 m/d.
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The Ordovician-Cambrian aquifer system (O-C ) includes weakly cemented Lower 
Ordovician and Upper Cambrian sandstone. The thickness of the aquifer system is 20 – 
60 m and increases from north to south. The depth below ground increases from 10 – 20 
m at the North-Estonian Klint to 500 m near the southern border of Estonia. The main 
recharge area is the Pandivere Upland where water from Ordovician strata leaks down-
ward along the fractured zones through the Silurian-Ordovician regional aquitard and 
disperses radially as conﬁ ned ﬁ ltration ﬂ ows. There the absolute altitude of the poten-
tiometric surface is up to 70 m under natural conditions (Fig. 2B). In Lower Estonia the 
potentiometric level extends above ground. Lateral conductivity ranges between 1 and 3 
m/d. The yields of wells are usually 430 – 600 m3/d per 10 – 15 m drawdown. The speciﬁ c 
capacity of wells varies between 0.2 – 0.4 l/s per metre. The storage coefﬁ cient is between 
2.5x10-5 and 6x10-3, while the speciﬁ c yield of the aquifer drained is 0.12 – 0.14. The 
aquifer system is an important source of public water supply in northern Estonia, but is 
also intensively used in the towns of Pärnu, Tartu and Viljandi.
The Lükati-Lontova regional aquitard (C 1) consists of siltstones and clays of the 
Lower Cambrian Lükati and Lontova formations. Their total thickness decreases from 
90 – 100 m in the Estonia to zero, as it pinches out on the Mõisaküla-Vastseliina line. This 
aquitard has a strong isolation capacity, the transversal conductivity is mainly between 
10-7 and 10-5 m/d (Vallner 1980). It is also reﬂ ected in the potentiometric levels of aquifer 
systems, as they are quite independent from each other (Fig. 2B, C).
The Cambrian-Vendian aquifer system (Є-V) in sandstone and siltstone, with an 
interlayer of clay, extends all over Estonia, except the Mõniste-Lokno uplift area in SE 
Estonia (Fig. 1). Rock conductivity ranges between 0.5 and 12.5 m/d, being 2 – 6 m/d on 
average. Transmissivity in NE Estonia reaches 300 – 350 m2/d and decreases in southern 
and western Estonia to 100 – 50 m2/d or less. Speciﬁ c capacity of wells ranges from 0.2 to 
5.8 l/s per m draw down, being on average 1.5 – 2.5 l/s. This system is the most important 
source of domestic water supply in northern Estonia. Intensive water extraction has 
led to the formation of two depressions of potentiometric level, near Tallinn and in NE 
Estonia (Fig. 2C). During the last 10 years the water consumption decreased signiﬁ cantly 
and depressions began ﬁ ll again.
Groundwater composition 
The groundwater of all aquifer systems can be divided into two zones, an upper zone 
of intensive water exchange, extending to a depth of 250 m and a lower zone of passive 
water exchange. The vulnerability of groundwater to pollution depends on the thickness 
of Quaternary deposits and their composition. In southern Estonia the water-bearing rocks 
are covered by 50 – 80 m of clayey moraine and are thus well protected from agricultural 
pollution, while in central and northern Estonia cavernous Ordovician and Silurian lime-
stone and dolomite are often buried beneath soil layer or Quaternary deposits up to 2 – 
5 m thick. The Pandivere Water Protected Territory has been declared to protect the most 
important source of groundwater, with strong restrictions on agricultural use.
The most common groundwater in all aquifers is of HCO3-Ca-Mg type with total 
dissolved solids (TDS) 0.3 – 0.8 g/l and pH a little higher than 7.0 (7.2 - 7.5). In the upper 
zone TDS usually do not exceed 0.3 – 0.5 g/l, while in deeper levels TDS often reach 0.7 – 
0.8 g/l and Na+, Cl- and SO42- contents may also increase. In the Middle Devonian aquifer 
system the total concentration of Fe in groundwater usually exceeds the highest permis-
sible concentrations (HPC) and reaches several mg/l (Table 1). Excessive abundances of 
Ba2+ and Ni2+ also occur locally. The Middle Devonian–Silurian groundwater near Pärnu 
is inﬂ uenced by seawater, while in SE Estonia the water is more highly mineralized, up to 
0.8 – 1.0 g/l. The Fe concentration often exceeds HPC, locally also Ba2+ and B3-. In the upper 
zone in the Silurian-Ordovician aquifer system the groundwater belongs to the HCO3-Ca-
Mg type with TDS 0.4 – 0.6 g/l. At deeper levels Na+ and Cl- content increases and water 
is of HCO3-Cl-Ca-Na type, with TDS 0.6 – 1.0 g/l. In western Estonia and on the western 
Estonian Islands inﬁ ltration water is often mixing with seawater. As a result, water is of Cl-
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Na-Mg type with TDS 1.0 – 1.3 g/l. The content of total Fe, and sometimes F- and B3- exceed 
the HPC. 
Groundwater in the upper levels of the Ordovician-Cambrian aquifer system is repre-
sented by HCO3-Mg-Ca or HCO3-Ca-Mg type with TDS 0.3 – 0.5 g/l; – at deeper levels 
water changes to HCO3-Na-Ca-Mg and HCO3-Cl-Na-Ca-Mg type. To the south of a line 
Pärnu-Tartu groundwater with low total hardness (1.2 mg/equivalent-l) belongs to Cl-Na 
or Cl-Na-Ca type, TDS reaches 0.7 – 1.95 g/l and Cd2+, Pb2+, B3- and total Fe exceed HPC. 
The Cambrian-Vendian aquifer system is strongly inﬂ uenced by water supply, ground-
water belongs to HCO3-Cl-Na-Ca type and radio-nuclide contents are high, approaching 
the upper acceptable limits for drinking water. 
The characteristics of groundwater in Estonia are summarized in Table 1.
Table 1. Physical properties and composition of groundwater in Estonia. 
No pH TDSg/l
Na+
mg/l
K+
mg/l
Ca2+
mg/l
Mg2+
mg/l
Hardness
mg-eq/l
Cl-
mg/l
SO42-
mg/l
1 7.4 0.2825 2.3 2.7 77.2 19.4 5.30 9.2 2.5
2 7.8 0.3570 80.0 5.9 30.7 15.6 2.81 40.0 23.0
3 7.5 0.6505 54.0 9.3 85.8 52.0 8.55 49.3 125.1
4 8.5 0.7440 237.8 4.8 20.0 12.1 1.99 360.0 19.0
5 8.5 0.2985 61.3 7.5 21.0 11.5 2.0 51.4 <2.0
6 7.0 10.733 1520.5 - 2091.4 132.9 115.28 6428.4 2.0
No Fe totalmg/l
HCO3-
mg/l
SiO2
mg/l
H2S
mg/l
CO2 free
mg/l
O
mg/l
Al3+
mg/l
As3+
mg/l
Ba2+
mg/l
1 2.41 323.4 8.2 <0.05 33.0 0.1 <0.003 0.007 0.443
2 0.15 292.9 7.7 <0.05 4.4 0.7 0.006 <0.001 0.026
3 0.52 482.0 6.9 <0.05 46.2 0.3 <0.010 <0.001 0.0857
4 0.16 122.0 - 0.0 0.0 0.0 0.004 <0.001 0.05
5 0.50 207.0 4.9 - - - 0.005 <0.001 4.8
6 - 30.5 7.4 - - - - - -
No B
3-
mg/l
Cr6+
mg/l
Cu2+
mg/l
F-
mg/l
Mn2+
mg/l
Zn2+
mg/l
Ni2+
mg/l
Li+
mg/l
U6+
mg/l
Mo6+
mg/l
1 <0.03 <0.001 <0.001 0.43 <0.05 <0.02 0.017 0.002 1·10-10 0.023
2 0.742 <0.001 <0.001 1.70 0.005 0.011 0.011 0.059 3.9·10-7 0.005
3 0.740 0.0047 <0.001 0.41 0.059 0.0089 0.0054 0.017 2.6·10-7 0.009
4 1.05 <0.001 <0.001 0.82 0.008 0.04 <0.001 - - 0.005
5 - 0.001 0.04 0.65 - 0.05 0.001 - - -
6 0.50 - - 0.40 0.52 - - - 0.0003 0.025
Legend: Sampling places, aquifer systems and depths of groundwater horizon: No 1 – Karksi-Nuia Town, D2, 75 m; No 2 – Võhma Town, 
S-O, 250 m; No 3 – Jõhvi Town, O, 55 m, NH4+ 0.32 mg/l, pollution with oil products; No 4 – Tartu Town, O-Є, 410 m; No 5 – Rak-
vere Town, Є-V, 220 m; No 6 – Pudisoo Village, near Loksa Town, Ptz, 203 m (K+ included into Na+). The content of  (mg/l): Cd2+
<0.0002, Hg2+ <0.00005, Pb <0.002, Se4+<0.0002, I- <0.05, Sb3+ <0.05, NH4+ <0.05, NO32- <1.0, NO2- <0.05, CO32-
<12.0 in all samples. Components marked with (-) not studied. Components whose concentration exceeds the highest permissible limit
are shown in bold. 
Groundwater resources and extraction in Estonia
The calculated total amount of groundwater in the bedrock of Estonia is about 2000 km3
(Vallner 1997). The estimated resources for water supply make up 497 000 m3/d, whereas 
only 131 000 m3/d or a little more that one fourth is used. Groundwater from deep aquifer 
systems is more intensively used, as the water composition is more stable and surface pollu-
tion does not inﬂ uence the quality of water (Fig. 3).
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Question by Krásný, Czech Republic
Is there no folding in the sandstone beds that would effect the groundwater conditions?
Reply by Systra, Estonia
No, the Estonian sandstone layers are in a fairly undisturbed, permeable state, and between these permeable 
layers there occur quite water-proof, homogeneous clay layers.
Figure 3. Estimated groundwater resources (left column) and use for water supply in 2001 (right column) 
from the aquifer systems of Estonia (data from Perens et al. 2002).
Following independence in 1991, groundwater extraction in Estonia decreased consider-
ably, due to a combination of factors including the changing structure of the economy, more 
accurate calculation of water consumption and higher prices for domestic water.
Conclusions
Estonia has good quality groundwater resources that greatly exceed current requirements. 
This means that it may be possible to export drinking water to neighbouring countries in 
the European Union. It is also possible to utilize groundwater from deep horizons with 
high contents of dissolved solids by mixing and diluting it with ultrafresh water from 
Quaternary sediments or the upper parts of the crystalline Precambrian basement. 
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Abstract
On glaciated areas, topographic evidences of fracture zones may be weak or misleading. 
However, the fracture zones have speciﬁ c physical properties and they can be studied 
by many geophysical methods. The most common one is the refraction seismic method, 
because the reduction of the seismic rock velocity depends directly on fracturing. 
Unfortunately it is quite costly, the lines must be oriented carefully and, during winter-
time, the frozen soil prevents the surveys. Therefore, fracture zones should be delineated 
by other geophysical methods, too. On low-altitude airborne magnetic maps they form 
linear magnetic lows because of the decay of magnetite. Fracture zones contain water, 
clay minerals and dissolved ions. Therefore, the electrical resistivity is lower than in the 
surrounding fresh rock, assuming that there are no sulphide or graphite bearing rocks, 
which should be avoided in any case. In the gravity ﬁ eld there should be a minimum 
because of a trough in the surface of the bedrock and the lower rock density. In our study 
we used different methods stepwise; by cheaper methods one can reject unsuitable targets. 
Another advantage of using several methods is the more versatile understanding of the 
properties of the fracture zones and the disturbing effects.
Analyses of water samples taken from test wells show that the water is under anaer-
obic conditions and thus it is deep-seated groundwater. The quality of the water is gener-
ally good, though excess iron and manganese is common. Another quality problem encoun-
tered is radon, which originally was measured by standard laboratory methods. Radioactive 
daughter, 214Bi, of radon can as gamma emitter be used to study the radon content of water. 
Preliminary experiments showed that the use of a handheld gamma-spectrometer offers a 
fast and cheap semiquantitative method to estimate the radon risk of the groundwater.
Keywords: bedrock aquifers, fracture zones, geophysical methods, northern Finland
Introduction
The aim of this study was to locate and characterize potential bedrock aquifers, which are 
located in large fracture zones. Bedrock aquifers with good groundwater quality can be 
utilized in water supply. In addition, the recognition of fracture zones is important in the 
geological mapping, ore prospecting, groundwater studies and in the applications of rock 
engineering. In environmental accidents fracture zones may also provide ﬂ ow channels 
for groundwater contaminants. Because the fracture zones are usually covered by glacial 
overburden, geophysical methods have proved to be effective in the exploration of poten-
tial aquifers. The study is methodical and this paper is a review on earlier works (Lanne et 
al. 1998; Lanne et al. 2002; Lanne and Turunen 2003; Väisänen 2004).
Methodical aspects
In principle, the fracture zones have speciﬁ c physical properties and they can be studied 
by many geophysical methods. On low-altitude airborne magnetic maps they form linear 
magnetic lows because of the decay of magnetite. Fracture zones contain water, clay 
minerals and dissolved ions. Therefore the resistivity is lower than in the surrounding 
fresh rock, assuming that there are no sulphide or graphite bearing rocks. Most direct is the 
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seismic velocity: its reduction depends directly on fracturing. With fresh, active fault zones 
minor earthquakes may be associated. 
The practical indications of fracture zones depend on the width of the zone, masking 
formations (e.g. overburden) and the resolution of the method itself. Further the costs and 
the practical ﬁ eld procedures have effects on the selection of the methods.
Field studies
The research areas are situated near Rovaniemi city in northern Finland. The bedrock 
consists of granite and migmatite. From low-altitude airborne maps, linear magnetic 
lows and moderate conductors were interpreted as potential fracture zones. Then VLF-R 
measurements were made across the potential zones. Seismic refraction soundings were 
performed at the most promising places. Test wells were drilled in low velocity zones. 
Versatile analyses of water samples indicate that the water is in anaerobic conditions and 
thus is rather old, more deep-seated than recent groundwater.
Disregarding the fact that the seismic method is superior in the localization of frac-
ture zones, it has, however, some limitations. It is quite costly, the lines must be oriented 
carefully and the use of explosives might have restrictions. In the northern areas, during 
wintertime, the frozen soil prevents the soundings. Therefore, other geophysical methods 
have also been tested on potential fracture zones. Geophysical observations were supple-
mented by the following measurements: resistivity soundings (AGI/Sting multielectrode 
system), Slingram (=HLEM, 14kHZ/60m), gravity and ground magnetic total ﬁ eld meas-
urements and frequency domain electromagnetic dipole-dipole soundings (Sampo-system, 
Jokinen 1999).
Field example
An example of the geophysical ﬁ eld data is from line L-1, map sheet 3612. According to the 
aeromagnetic data, the length of the fault is at least 20 kilometres (Fig. 1.). The refraction 
seismic sounding revealed low velocity zones (Vp<4000 m/s) (Fig. 2.), while the typical 
velocities in fresh rock are about 5000 m/s. The fracture zone can be seen also by other 
geophysical methods. The visual evidence about fracture zones is clear, though not always 
striking. The best one of the other methods is the continuous resistivity sounding, which 
delineates the fracture zone  distinctly (Fig. 3.). The conductive overburden confuses the 
anomaly pattern of slingram and VLF-R observations, as well as the apparent resistivity 
transformation (ARD) result of Sampo soundings. The ground magnetic anomaly of frac-
ture zone is masked by the varying magnetization of superﬁ cial rocks. Drillings showed 
that the bedrock of the interpreted fracture zones is fractured. The quality of water is gener-
ally good except for the excess iron and manganese. Laboratory analyses and gamma spec-
trometric measurements showed that at the test site radon risk is potential.
Figure 1. Low-altitude magnetic map 
(map sheet 3612) and the location of 
the test line L-1.
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Figure 2. Interpretation of the refraction seismic sounding. Shot interval (50 m), average geophone interval 5 
m. LVZ=seismic low velocity zone.
Figure 3. Inversion result of resistivity sounding (AGI/Sting multielectrode system ). 
Conclusions
Conventionally, fracture zones have been interpreted by photogeological methods. 
However, on glaciated areas, signiﬁ cant fracture zones may remain hidden if geophysical 
data is not available. In our studies, the topographic evidences of fractured zones are often 
either weak or lacking. The aeromagnetic observations are essential; they cover large areas 
so that long but often weak lineaments can be identiﬁ ed. Further, the properties of linea-
ments can be studied by ground geophysical measurements. A combination of different 
methods is needed to distinguish the fracture zone anomalies from the overburden anom-
alies. The quantitative model interpretation is needed to study the structure and proper-
ties of the anomaly source. The suggested fracture zones have to be veriﬁ ed by sounding 
methods. The stepwise use of different methods is recommendable: by cheaper methods 
one can reject unsuitable targets. Another advantage is the more versatile understanding 
of the properties of the fracture zones. For example, in this study, the quite low electrical 
resistivity indicates possible argillaceous ﬁ llings in the fracture zone.
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Abstract
Palmottu is a small uranium occurrence in Nummi-Pusula, Finland, where the ore-eval-
uation studies were carried out in the beginning of 80’s. During that time, the develop-
ment of ﬁ nal disposal concept for nuclear wastes of the Finnish power plants became an 
important issue, including site-selection, research & development, and safety analysis. It 
was understood that the relatively U-rich bedrock of Palmottu could serve as a natural 
analogue for the behaviour of spent U-fuel buried into the bedrock. Very soon the Palmottu 
study focussed on the characterization of radionuclide transport processes in the bedrock. 
Consequently, major efforts were addressed to the determination of hydrogeological prop-
erties and ﬂ ow conditions of the bedrock.
The regional, catchment-scale, hydrological pattern and water balance was estimated 
and combined with bedrock-structural information. The major ﬂ ow-routes and inﬁ ltration 
pathways around the site proper were identiﬁ ed. The most intensive research activity was 
focussed on the U-deposit site (about 500 x 500 m), where more than 60 cored boreholes 
were drilled during ore exploration phase. More than 30 of these drillholes were utilized 
in hydrogeological studies of the analogue project. Additionally, six research boreholes 
of various lengths were drilled during the project, the deepest reaching the depth of 410 
meters (length 553 m).
The drillhole-study campaign comprised a broad range of drillhole geophysical 
studies, including thermal, electrical and electromagnetic logging methods. The drill cores 
were systematically logged for lithology and fracturing. Video survey was carried out in 
most of the available drillholes. Hydrogeological studies included single-hole hydraulic 
slug-tests, spinner tests and difference ﬂ ow measurements. 
After locating the most important potential water-conducting fractures, the drillholes 
were plugged with 1 to 3 packers to isolate different fracture zones in order to recover 
the original hydraulic head ﬁ eld. Head monitoring was then carried out on weekly basis 
during several years period. A very extensive crosshole test campaign was carried out in the 
packed-off borehole ﬁ eld (50 packed-off head-monitoring sections +23 free water tables). 
Finally, a tracer test with 3 different dyes injected into different packed-off sections was 
carried out. 
This presentation is focussing on the hydrogeological and geophysical methodology 
used, including also the most important results and conclusions.
Keywords: hydrogeology, groundwater, uranium, analogue study
Introduction
Palmottu is a small uranium deposit in Nummi-Pusula, where the ore-evaluation studies 
were carried out in the beginning of the 80’s. During that time, the development of ﬁ nal 
disposal concepts for nuclear waste of the Finnish power plants became an important issue, 
including site-selection, research & development and safety analysis. It was understood 
that the relatively U-rich bedrock of Palmottu could serve as a natural analogue for the 
behaviour of spent U-fuel buried into the bedrock. Very soon the Palmottu study focussed 
on the characterization of radionuclide transport processes in the bedrock. Consequently, 
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major efforts were addressed to the determination of hydrogeological properties and ﬂ ow 
conditions of the bedrock.
As a whole, the international Palmottu natural analogue study comprised an exten-
sive selection of in-depth research work related to ﬂ ow and transport processes in crystal-
line bedrock. The aim of the current presentation is to give an overview of one of the key 
topics, hydrogeological ﬁ eld work and methodology.
Regional Hydrogeology
The regional, catchment-scale, hydrological pattern and water balance were estimated 
and combined with geological information (Figure 1). The major ﬂ ow-routes and inﬁ l-
tration pathways around the site were identiﬁ ed. The most intensive research activity 
was focussed on the U-deposit site (about 500 x 500 m), where more than 60 cored bore-
holes were drilled during the ore exploration phase. More than 30 of these boreholes were 
utilized in the hydrogeological studies of the analogue project. Additionally, six research 
boreholes of various lengths were drilled during the project, the deepest reaching a depth 
of 410 meters (length 553 m).
0
Figure 1. Palmottu Quaternary deposits, bedrock-structures and geohydrological outlines. Black box marks 
off the approximate area of the drilling site. Line with black dots represents the so called “main borehole 
proﬁ le” with boreholes from left to right: 385, 386, 357, 346, 324, 302, 304, 387, 325, 384, 389, 390. 
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Site-scale hydrogeological studies
Geophysical and hydrogeological borehole studies
The borehole-study campaign comprised a broad range of borehole 
geophysical studies, including thermal, electrical and electromag-
netic logging methods (Ahonen and Paananen 1991, Kuivamäki et al. 
1991, Paananen 1993), as well as radar surveys of boreholes (Carlsten 
1993, 1996, 1997).  The drill cores were systematically logged for 
lithology and fracturing. Video survey was carried out in most of 
the available boreholes (Lindberg 1994, Paulamäki 1997).
Hydrogeological studies included single-hole hydraulic slug-
tests, spinner tests and difference ﬂ ow measurements. Systematic 
single-hole packer tests were conducted in a couple of boreholes 
(Ahonen 1992), but because the method proved to be time consuming, 
other methods were considered as alternatives.
Spinner is a ﬂ ow meter designed to detect water-conducting 
fractures in boreholes. The test probe is a mechanical propeller with 
a pulse counter, measuring the ﬂ ow rate along the pumped borehole. 
Temperature and electrical conductivity sensors are also included in 
the probe. Results of the spinner-tests were reported by Andersson 
et al. 1994, Jönsson et al. 1995a, 1995b, and used in the development 
of the Palmottu hydrogeological model. 
Figure 2 shows an example of the spinner test results at Palmottu. Flow in the bore-
hole was produced by an air-lift pump, and the spinner probe was lowered stepwise (e.g. 
in 4 meters steps). Water-bearing fractures, when passed in the borehole, are detected as a 
decrease in the ﬂ ow along the borehole. Change in water quality and depth of origin may 
be reﬂ ected in changing electrical conductivity and temperature of water. Spinner tests at 
Palmottu were combined with contemporaneous monitoring of hydraulic head in near-by 
boreholes (Lampinen et al. 1996). Thus, the tests could be considered as preliminary cross-
hole tests. After a completed spinner test, the recovery of the water table was monitored. 
As a result, average hydraulic properties of the borehole could be calculated and related to 
the observed structures. A thorough analysis of the head observations from near-by bore-
holes allowed us to make a wider-range interpretation of the hydrogeological properties 
of the bedrock block studied (Lampinen et al. 1996).
New larger diameter (56 mm) research boreholes at Palmottu allowed the utilization 
of the difference ﬂ ow logging technology, which provides a rapid method to determine the 
hydraulic conductivity and hydraulic head in drillholes. Result from Palmottu are reported 
by Rouhiainen 1996, Rouhiainen and Heikkinen 1998. In the ﬂ ow logging, the section to 
be studied is isolated by rubber disks and the ﬂ ow, either out from the section or into the 
section, is measured by thermal pulse method. Hydraulic head and hydraulic conductivity 
of a test section can be calculated, if ﬂ ow measurements are carried out using two different 
head levels of the borehole (one of them may be natural head). Examples of results from 
Palmottu are shown in Figure 3.
Figure 2. An example of 
spinner test results in bore-
hole 357 (compiled from 
Jönsson et al. 1995a). 
Solid line = ﬂ ow, 
broken line = electrical 
conductivity (E.C.).
Figure 3. Distribution of hydraulic conductivity of the bedrock measured by difference ﬂ ow logs. Vertical 
scale of the graphs is the borehole length. Average inclination of both boreholes (385 and 387) is about 60o.
Figure is compiled from Rouhiainen 1996, Rouhiainen and Heikkinen 1998.
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Hydraulic interference tests
After locating the most important water-conducting fractures, the boreholes were plugged 
with 1 – 3 packers to isolate different fracture zones in order to recover the original hydraulic 
head ﬁ eld. An extensive cross-hole test campaign was carried out in the packed-off bore-
hole ﬁ eld (50 packed-off head-monitoring sections +23 sections with free water tables). 
Pumping from slim (46 mm) exploration boreholes required development of a special air-
lift pump system (Figure 4). In total, 16 successful pumping tests from different borehole 
sections were carried out, and several hundreds of hydraulic connections between bore-
holes were monitored. Analysis of the results indicated that the fracturing of at least the 
upper 100 – 150 m of the bedrock behaves rather as a fractured anisotropic continuum than 
as consisting of idealized planar structures (Lampinen et al. 1997, Ludvigsson 1997).
Uranium migration
Hydraulic heads were monitored in all available boreholes on weekly basis during several 
years period. Because of the permanently packed boreholes, also vertical distribution of 
the head ﬁ eld could be observed (Lampinen 1997). A ﬁ rm basis for the uranium transport 
analogue study was thus established (Blomqvist et al. 1998), and could be utilized in migra-
tion modelling (Blomqvist et al. 2000).
Figure 4. Air-lift pump system for 
cross-hole tests (Ludvigsson 1997).
Figure 5. The fracture zones inter-
preted from borehole data together 
with the main granitic units in a 3D 
view from the SE. WG = Western 
Granite, EG = Eastern Granite.
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Fracture zones and their properties have been key subjects of the Palmottu migration 
studies. The site scale fracture zone model is based mainly on geological and geophysical 
observations from the boreholes, considering also survey results from the ground surface. 
The 3D interpretation of the data revealed six subvertical and one subhorizontal fracture 
zones intersected by numerous boreholes (Figure 5).
Site scale bedrock structures and hydrogeological information were ﬁ nally combined 
with hydrogeochemistry of bedrock groundwaters to a hydrostructural model of the site, 
consisting of subsystems with different characteristics. Finally, the research focused on 
a detailed transport study of a speciﬁ c migration route. The properties of the selected 
subsystem “Eastern granite” were studied by a tracer test using three different tracers 
injected in sealed borehole sections (Gustafsson et al. 1998), and by additional pumping 
tests (Leveinen and Ahonen 1998).
Concluding remarks
In terms of bedrock-hydrogeology, Palmottu may be the most thoroughly studied site in 
Finland up to now. A special feature of the site is the availability of a large number of bore-
holes within a small area. A detailed hydrogeological research program was a prerequisite 
of the migration study, which was accomplished successfully. However, it became clear 
during the work that our understanding of the occurrence and behaviour of water in the 
fractured crystalline bedrock is incomplete. We can still learn from site-speciﬁ c studies by 
making more detailed analysis and synthesis of bedrock structural-, geophysical- and hydr-
ogeological observations.
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Questions by Olofsson, Sweden
Did the results of your investigations satisfy your targets and expectations, and didn’t the boreholes themselves 
change the geohydrological conditions?
Reply by Ahonen, Finland
The tracer tests did not always succeed. The inadvertent effects of the boreholes were taken care of by plugging and 
sealing.
Comment by Blomqvist, Finland
Being involved in those investigations I would deem the chemical inﬂ uence caused by the boreholes fairly low, but 
the results indicate a crucial inﬂ uence of the recent geological history since the melting of the ice cap during the 
Quaternary. The problem will be elucidated in the second Keynote Lecture by Professor Frape on Wednesday.
Question by Niini, Finland
Will the Palmottu bedrock investigations be continued?
Reply by Suksi, Finland
Most probably only certain analyses will be supplemented, among others those concerning dating of uranium mobili-
sation, especially in regard to the Ice Age development.
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Case study of lineaments, in situ rock stresses and 
groundwater ﬂ ow in the hardrocks of Sunnfjord, 
western Norway
Helge Henriksen1 & Alvar Braathen 2
1) University of Bergen, Dept. of Earth Science, Bergen, Norway
2) Centre for Integrated Petrolium Research, Bergen, Norway
(see Vol. of Abstracts, p. 15)
Question by Krásný,  Czech Republic
Are you going to continue these interesting studies, the transmissivity tests in particular?
Reply by Henriksen, Norway
Yes, future tests are planned at least in certain critical sites.
Question by Rohr-Torp, Norway
Is the stress orientation at the test site the same as in the Caledonian area in general?
Reply by Henriksen, Norway
There are certain minor exceptions, obviously due to the extremely strong topographic relief.
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Numerical optimization of drawdown and groundwater 
protection of a fracture zone aquifer in Leppävirta, 
southeast Finland
Jussi Leveinen1 & Pekka Vallius2
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2) Finnish Road Enterprise, Kouvola, Finland
Abstract
In Finland, spreading of salts to de-ice roads during winter has commonly led to diffuse 
contamination of groundwater. Unconﬁ ned aquifers underlying roads can also be polluted 
by spills resulting from trafﬁ c accidents. To reduce these risks, geotextile layers and drainage 
collection systems are systematically constructed along roads passing over aquifers. Such 
protection structures were also required for the highway number 5 passing over the protec-
tion area of the Pohjukansalo well ﬁ eld in Leppävirta, east-central Finland. The well ﬁ eld, 
comprising seven boreholes, is a part of the municipal water supply, which is based entirely 
on hardrock groundwater. 
With the present production rates, water levels are substantially lower in the wells 
than at the end of the pump test made previously to estimate the yield, and consequently, 
simple extrapolations of previous drawdown responses and the use of previous estimates 
of hydraulic conductivities would be uncertain. Instead, extrapolation is based on the mean 
monthly levels in 1999 that were assumed to represent the stable condition and be a super-
position of the two production wells. However, the estimation is based on the general-
ized radial ﬂ ow model (GRF), which had previously produced the most consistent match 
with drawdown observations. Pumping was assumed to produce channelled ﬂ ow in the 
pumped fracture zone but radial ﬂ ow elsewhere in the fracture system. 
A numerical optimization algorithm was ﬁ rst used to model the optimal hydraulic 
conductivities for the two roughly NS-striking fracture zones comprising the main aquifer 
system. The inversely modelled hydraulic conductivities are 4 x 10-6 m/s and 1.1 x 10-5 for 
western and the eastern fracture zones, respectively, being slightly lower but same magni-
tude as the results of the previous pump-test analyses. Also the difference between calcu-
lated and observed drawdowns in the pumping wells are consistent with the previous esti-
mates of skin effects. Based on the optimized model, the induced drawdown exceeds 22 m 
under the highway number 5 in both the NS-striking fracture zones. The depression may 
have spread close to the boundary of the groundwater protection zone along a NW-striking 
fracture zone. Finally, the highway was divided into sections with different vulnerability 
classiﬁ cation. Based on the results and subsequent soil investigations, simple drainage 
systems are considered sufﬁ cient for long sections of the highway, which means substan-
tial reductions to costs of the protection system.
Keywords: Finland, groundwater protection, ﬂ ow modelling, fractured bedrock 
Introduction
An overwhelming majority of Finnish aquifers are relatively small, unconﬁ ned glacioﬂ u-
vial sand and gravel formations. Groundwater quality in aquifers underlying roads can be 
very vulnerable to fuel and chemical spills resulting from trafﬁ c accidents. Risks of trafﬁ c 
accidents are particularly high during cold Nordic winters. Consequently, roads are exten-
sively de-iced by spreading salt on pavements. However, this can lead to diffuse deteri-
oration of groundwater quality. Therefore, roads passing over aquifer areas in Finland 
are required to have protection systems to prevent trafﬁ c related pollution. Such protec-
tion structures were also required for the highway number 5 passing over a unique case 
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area, i.e., the protection zone of the Pohjukansalo fracture zone aquifer in Leppävirta, east-
central Finland. 
The groundwater protection structures can be very expensive combinations of drains 
and geotextile liners. The design process starts by assigning a risk classiﬁ cation to different 
segments of the road depending on, e.g., soil permeabilities and depth to the water table. 
The risk classiﬁ cation, in turn, deﬁ nes the technical requirements for the protection struc-
tures and the urgency of cleaning actions after a spill. The investigations described in this 
paper preceded the actual risk classiﬁ cation for the highway 5 in the protection area of the 
Pohjukansalo aquifer. The objective of this paper is to describe how the drawdown effects 
of groundwater withdrawal in the Pohjukansalo fracture zone aquifer were estimated using 
short-term pumping tests and numerical optimization, and consequently, discuss how such 
analyses could be used more generally in the management of hardrock aquifers. 
Hydrogeological setting
The main aquifer system comprises two roughly N-S striking fractures zones, to be referred 
as the eastern the western fracture zones. Groundwater is withdrawn in two wells, one 
well in a fracture zone.  A third fracture zone is potentially connected to the fracture 
systems. This fracture zone can be observed as a geophysical lineament but has not been 
investigated by geophysical soundings that would verify its existence. In addition, a NW-
SE striking fracture zone that was previously found poorly conductive crosses the main 
aquifer system. The fracture zone system and the geology in the Pohjukansalo water supply 
area is illustrated in Figure 1. 
The bedrock is outcropping in poorly fractured areas or overlain by a thin layer of 
Quaternary till. In more intensively fractured bedrock depressions till cover can be over 10 
m thick. In some topographical depressions, the uppermost deposits also comprise peat. 
Previous investigations carried out in the Pohjukansalo well ﬁ eld include interpreta-
tion of the geophysical and topographical lineaments and detection of the fracture zones by 
geophysical ﬁ eld investigations. The wells were installed and subsequently pumpin tested 
1993 and 1994, after which two wells have been in production and seven wells have been 
used for monitoring of water level by the Leppävirta Municipal Water Works. A summary 
of the exploration investigations has been presented by Breilin et al. (2003).
Pump-test responses have been analysed in several studies (Leveinen, 1996, Leveinen 
et al., 1998, Leveinen, 2000). Based on the previous analyses, drawdown responses suggest 
strongly channelled ﬂ ow along the pumped fracture zone and radial ﬂ ow in the neigh-
bouring fracture zone. The responses provide a good match with the generalized radial 
ﬂ ow (GRF) model of Barker (1988) except the response in well P2.1, which has shown 
anomalous water levels in all tests and during the groundwater extraction. The fracture 
zones can be considered homogeneous in terms of hydraulic conductivity while the ﬂ ow 
paths between the wells appear tortuous. For example, comparison of the pumping test 
data indicate that the water levels in well P1.1 are higher (drawdown is smaller) than in 
well P1.2 despite of its shorter distance to the pumping well P1. This means, that the ﬂ ow 
paths between observation wells can be longer than the straight-line distance between the 
wells.
Methods and assumptions
The available data included the observed pumping test responses and water levels moni-
tored by the Leppävirta Municipal Water Works in 1999 and 2000. In general, the moni-
toring data are consistent with the previous conclusions (Leveinen et al., 1998) concerning 
the channelled ﬂ ow along pumped fracture zones, anomalous response in P2.2, and tortu-
osity of ﬂ ow paths as inferred from water levels in wells P1.1 and P1.2. However, the avail-
able data consist of observations in the well tapping the fracture zones but did not include 
information on the responses in the “average rock”, which limits the use of numerical 
modelling.
The pumping rates ranged from 350 to 720 m3/d. Since the start of the groundwater 
withdrawal, the drawdown increased particularly during the ﬁ rst few years of the produc-
tion. With the present yield that is less than 250 m3/d the drawdown in the Pohjukansalo 
well ﬁ eld has apparently stabilized. In 1999 precipitation was lower than the long-term 
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averages in Finland (Hyvärinen and Korhonen, 2003) Therefore, the stable water table was 
assumed conservatively to correspond to the mean water level measurements in 1999.
Since the production pumping has induced substantially larger drawdown and 
probably more extensive inﬂ uence area than the pumping-tests, the previous estimates 
of average hydraulic properties were not necessarily representative. Therefore, simple 
extrapolation of the pump-test results would be uncertain. However, drawdown was still 
assumed to be a superposition of two pumping-well responses in two fracture zones with 
hydraulic conductivities Ke and Kw. The hydraulic properties were estimated by inverse 
modelling. In the estimation two different sets of drawdown models were applied.
In the ﬁ rst set, the channelled drawdown in a pumped fracture zone was assumed 
to correspond to steady-state solution, “the leaky channel model”, of Gustafson (1976), the 
transient solution of which can be matched with some of the pump-test responses from 
Pohjukansalo (Leveinen, 1996). The radial respond to pumping in the neighbouring frac-
ture zone was expected to follow the classical steady-state Theim solution for conﬁ ned 
aquifers.
In the second set, the channelled ﬂ ow in the pumped fracture zone was assumed to 
follow the GRF model (Barker, 1988) with fractional values of ﬂ ow dimensions. The ﬂ ow 
dimensions can be interpreted as a measure of the connectivity of the fracture system 
(Chilés and de Marsily, 1993). These where assumed to be 1.2 and 1.5 in the eastern and 
western fracture zone, respectively. When responses in the neighbouring fracture zone 
where calculated, the fractional ﬂ ow dimension was 2, which is in the range of previous 
estimates. Note that the steady state GRF solution is reduced to the Theimsolution when 
ﬂ ow is radial (n=2, Barker 1988). 
The hydraulic conductivities Kw and Ke and the radius of inﬂ uence Rw and Re were 
found using a numerical optimization by the Simplex algorithm (Devlin, 1994). The objec-
tive function that was minimized was the sum of the square error of the calculated and 
measured head values at the observation wells. 
Figure 1. The fracture zone systems in the Pohjukansalo well-ﬁ eld. The section of the high way # 5 that 
overlays the groundwater protection area is shown as a thick red line. The traces of the two parallel frac-
ture zones comprising the main aquifer system in the area are marked as solid and dotted black lines. The 
green dotted line indicates a NW-SE-striking fracture zone that has not shown a response to pumping. 
Yellow dotted lines mark the traces of potential fracture zones as inferred from airborne geophysical data but 
the existence of fracture zones at the well ﬁ eld has not been veriﬁ ed by ﬁ eld geophysical soundings or drill-
ings. The locations of the pumping and monitoring wells are indicated by blue and red dots, respectively. The 
background shows a soil map mounted over a digital elevation model. Outcropping bedrock areas are pale 
red; till and peat covered areas are pale red-blue and light brown, respectively. Green and yellow areas repre-
sent gravel and sand areas, respectively. The mean water levels are indicated in the lakes (white) in the top 
ﬁ gure to infer the natural hydraulic gradients along the fracture zones. The base map material is from the 
National Land Survey of Finland, permission 13/MYY/03.
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Due to its anomalous response, well P2.2 was excluded from calculations. Furthermore, 
drawdown in the pumping wells is also inﬂ uenced by the skin-effects, which were not 
incorporated in the response function that was based on observation well responses. To 
avoid systematic errors due to the skin effects, pumping well responses were not used to 
optimize the pumped fracture zone but were taken into consideration while optimizing 
the properties of the neighbouring fracture zone. Therefore, water levels in the pumping 
well P1 in the western fracture zone were taken into consideration in optimization of the 
hydraulic properties of the eastern fracture zone using the well as observation well P2 and 
vice versa. This arrangement gave the minimum number of observations for the Simplex 
algorithm that needs N+1 observations to optimize N unknown variables. 
Subsequently, drawdowns were estimated using the inversely obtained values. In 
addition to comparison of the calculated and observed drawdowns in observation wells, 
the results were compared to skin effects during the previous pump tests, previous esti-
mates of hydraulic conductivity, and simple extrapolations using the “old” hydraulic param-
eter values (Leveinen, 1996, 2000; Leveinen et al., 1998).
Optimisation results
The second modelling approach using fractional ﬂ ow dimensions provides better match in 
terms of the mean square characteristics and are shown in Table 1. The obtained Ke and Kw
are 4x10-6 m/s.–1.1x10-5 m/s, which are within the range of previous estimates being 1.3 x 
10-6 – 7.9x10-6 and 5x10-6 – 2.5x10-5 m/s for the eastern and western fracture zones respec-
tively. The calculated values in the wells that are closest to the road (P2.1 and P3) corre-
spond very closely to the measured water levels. Based on the previous results, pseudoskin 
Table 1. Optimization results obtained by applying the generalized radial ﬂ ow model. Kw, Ke, Rw and Re have been obtained 
by inverse optimization of the water levels in the borewells (P1, P1/1 etc.). PL 950-990 and PL 778-810 mark segments of 
the highway overlying the fracture zones. The drawdown in the borewells and in the fracture zones under the highway has 
been calculated as a superposition of the separate impacts of pumping in wells P1 and P2. When calculating the drawdown 
effects resulting from pumping in the neighbouring fracture zone (effects of P1-pumping in the eastern fracture zone, and 
P2-pumping at the western fracture zone) ﬂ ow dimension has been assumed to be 2. The residual mean square error between 
calculated and observed drawdowns in the wells is 4.10 m.
Applied equations: , where s’ and s* are responses to pumping of P1 and P2 respectively and calculated as   
, when n ≠ 2 and                                  , when n=2 
Parameters Hydraulic 
conductivity
Length of 
boring
Fractional ﬂ ow 
dimensions
Radius of 
inﬂ uence
Pumping 
rate
Western 
Fracture zone
Kw=4.1 x 10-6 m/s bw= 35 m nw= 1.5 or 2 Rw= 1500 m QP1=1.67 x 10-3 m3/s
Eastern
Fracture zone
Ke=1.1 x 10-5 m/s be= 37 m ne= 1.2 or 2 Re= 1496 m QP2=1.50 x 10-3 m3/s
Results
Well/calculation point P1 P1/1 P1/2 P3 P2 P2/1 PL950-990 PL778-810
Distance to well P1, rP1 0.076 m 80 m 120m 200 m 260 m 190 m 380 m 380 m
Distance to well P2, rP2 260 m 190 m 125 m 260 m 0.076 m 100 m 420 m 400 m
P1-response -39.34 m -30.47 m -28.42 m -25.16 m -1.13 m -1.33 m -19.68 m -0.88 m
P2-response -2.92 m -3.44 m -4.14 m -2.92 m -32.81 m -29.06 m -2.12 m -21.40 m
Calculated total drawdown -42.26 m -33.91 m -32.56 m -28.08 m -33.94 m -30.39 m -21.80 m -22.28 m
Measured drawdown -38.86 m -25.96 m -25.45 m -28.08 m -37.51 m -30.38 m - -
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effects in the pumping wells P1 and P2 can be estimated to about 3.2 and 4 m, respectively. 
These ﬁ gures correspond closely with the difference between the measured water level and 
calculated water levels in both pumping wells. However, measured drawdowns are over 7 
m less than the calculated values in the observation wells P1.2 and P2.2 while the standard 
deviation of annual water level variations are 2.56 and 2.77 m, respectively. Instead of 
uncertainties in the model optimization itself, this can be attributed to surface water inter-
action. Previous pumping tests (Leveinen et al., 1998) already suggest hydraulic connec-
tion to the small lake with water stage at 90.3 m a.s.l. south of the well ﬁ eld. Therefore, a 
substantial northward-oriented gradient along the eastern and western fracture zones 
could be maintained based on the differences between the lake levels north and south of 
the well ﬁ eld (Figure 1). 
The results are conservative in the sense that calculated drawdowns are overesti-
mates of the measured values. Although substantial differences between measurements 
and calculations exist, the results strongly suggest a drawdown of over 22 metres in the 
main fracture zone aquifers under the highway number 5. 
The optimization procedure suggests similar values (about. 1500 m) for the radius of 
inﬂ uence for both pumping wells. However, the results are not sensitive for large values 
of these parameters. The obtained estimates should be interpreted only semi-quantita-
tively. However, the results suggest that the drawdown can be extensive along the poten-
tially existing N-E-striking fracture zone. The inverse modelling did not consider draw-
down effects in the NW-SE-striking fracture zone. The water level monitoring data do not 
suggest any lowering of water levels in the two boreholes drilled into this fracture one. 
Conservative calculations based on previous pumping test data also suggest that the draw-
down should have already reached the borewells, if the fracture zone were a signiﬁ cant 
hydraulic conduit. The results are consistent with the previous interpretation that the frac-
ture zone is poorly conductive and is not a part of the active aquifer system.
Discussion
The drawdown responses to pumping in the Pohjukansalo wellﬁ eld shown in Figure 2 can 
be matched with the GRF model (Barker, 1989). This means, that the drawdown responses 
could be alternatively matched with the pump-test model of Acuna and Yortsos (1995). Both 
these models reﬂ ect fractal characteristics of the fracture network. In the GRF model the 
distance from the pumping well corresponds to the straight-line distance divided by the 
Figure 2. Example of the pump-test responses in the Pohjukansalo well ﬁ eld carried out in the exploration 
phase. The drawdown observations plot a straight-line on a double logarithmic scale, which is a character-
istic of fractal fracture networks.
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ﬂ ow path tortuosity, which however, commonly cannot be quantitatively measured. The 
model by Acuna and Yortsos (1995) takes into account the anomalous hydraulic diffusivity 
characteristic of ideal deterministic fractals and the distance from the pumping well is the 
Euclidean straight-line distance (Leveinen, 2000). 
Well-test models developed for fractally behaving aquifers may provide efﬁ cient 
means to predict drawdown responses in hardrock aquifers. The hydraulic conductivities 
earlier estimated on the bassis of short term tests and concepts of the GRF-model (Barker 
1989, Leveinen 2000) are in similar range as the values obtained by inverse optimization 
and long-term monitoring data. Therefore, the use of well-test methods relying on fractal 
characteristics and the methods for error propagation applied, e.g,. by van Tonder & et al. 
(1998) may provide new means to predict long-term drawdown and to assess sustainable 
yield. Delineation of the capture zone area using these models is not straightforward and 
it is particularly vague due to the concept of ﬂ ow path tortuosity in the GRF model. Yet, 
in this case, the models can be used to interpolate and conservatively extrapolate draw-
down effects in the well ﬁ eld and its surroundings in a manner that supported the design 
of groundwater protection measures. Based on the results, the highway number 5 was 
divided into sections of different vulnerability. Substancial sections were concluded to over-
ride areas with insigniﬁ cant drawdown in the fracture network, and consequently, with 
unimportant diversion of groundwater ﬂ ow paths in the soil towards the fracture zones. 
After subsequent soil investigations, the Finnish Road Enterprise and local environmental 
authorities concluded that these sections only required simple drainage systems. 
Conclusion
The drawdown effects of groundwater withdrawal were estimated after inverse modelling 
of monitored water levels in the Pohjukansalo well ﬁ eld in 1999 and 2000. The obtained 
estimates of hydraulic conductivities are similar as the previous hydraulic tests carried out 
in the exploration phase. Modelling relying on the concepts of fractional ﬂ ow dimension 
produce a better match with the observations than models with Euclidean ﬂ ow geometry. 
Apparently, well-test models for fractal fracture networks can be used to assess the long-
term drawdown in hardrock aquifers. In addition to the design of groundwater protection, 
such calculations could improve the assessment of sustainable yield.
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Questions by Olofsson, Sweden
Didn’t you get any qualitative data?
Reply by Leveinen, Finland
Because this was a ﬂ ow model test, no direct qualitative results were reached. However, due to the insigniﬁ -
cant drawdown in the NW – SE fractures, we can assume only minor qualitative changes, and this will signiﬁ -
cantly lower the necessary protection costs.
Question by Krásný, Czech Republic
Did the drawdowns or yields stabilize?
Reply by Leveinen, Finland
Only in limited range. These test results have not (yet) been connected with the other on-going investigations 
in the Leppävirta area.
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3Third session (Topic 5)Studies of groundwater quality: health risks assessment, problems solutions and feasible water treatment techniques
Monday, June 7, 2004 at 15.15 –16.45 at SYKE 
Chair: Dr. Jussi Leveinen
Oral presentation by Dr. Bo Olofsson: Groundwater quality problems in 
housing areas in hard rock – an example from eastern Sweden 
Oral presentation by Mr. Olli Breilin: Groundwater impacts of two natural 
stone quarries in rapakivi granite and soapstone environments in southern and 
eastern Finland (see Vol. of Abstracts, p. 25)
Oral presentation by Ms. Kirlna Skeppström: Analysis of causes of increased 
radon concentration in groundwater using GIS and multivariate statistics
Oral presentation by Mr. Matti Valve: Point-of-use-devices for arsenic removal
Oral presentation by Mr. Timo Äikäs (near Turku during the return trip from 
Olkiluoto): Water supply of the Turku area
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Groundwater quality problems in housing areas 
in hard rock – an example from eastern Sweden
Bo Olofsson & Erika Andersson
Dept of Land and Water Resources Engineering, 
Royal Institute of Technology (KTH), Stockholm, Sweden
Abstract
The aim of the project was to analyse the inﬂ uence of small-scale sewage treatment on the 
groundwater quality in areas with scarcity of freshwater. The content of chloride, nitrate, 
heterotrophic bacteria and coliforms was analysed in 42 wells at the island of Ramsö, eastern 
Sweden. Statistical analyses were carried out as well as calculations of chloride vulnerability 
and a groundwater balance calculation. The study showed that the groundwater quality 
was affected by the type and location of the sewage systems in various natural conditions 
and that it is possible to develop a model for nitrate contamination on drilled wells taking 
several signiﬁ cant natural and technical factors into consideration.
Keywords: hardrock groundwater, drilled wells, chloride concentration, nitrate concen-
tration, Ramsö, Sweden
Introduction
In many coastal areas of Sweden, especially in municipalities around the big cities of 
Stockholm on the east coast and Gothenburg on the west coast, there is an increasing 
demand for drinking water. Originally there were many summerhouse areas built during 
the last century around these big cities. Improved transportation possibilities during the 
last decades and raising prices of real estates have resulted in an increased degree of 
permanent housing in former cottages. This has in turn led to an increased demand for 
fresh water supply and improved sanitation, which has put pressure on the fresh water 
resources. The sanitation was originally solved by often rather simple small-scale inﬁ ltra-
tion systems, which were more a method to get rid of the wastewater than to re-circulate 
nutrients to the land ecosystems (Olofsson & Fleetwood 2001). The small-scale water supply 
was usually based either on dug wells in 
the thin layers of soil or, during the last 
decades, on drilled wells in hard rock. 
Shortcuts between wastewater inﬁ ltra-
tion and drinking water wells have been 
frequently reported from many of these 
areas, Figure 1.
Figure 1. Areas with reported sanitation problems 
in Stockholm County (based on information from 
Stockholm County Council).
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . The Finnish Environment 79056
Geologically, the region is dominated by bare rock outcrops of hard crystalline rock, mainly 
granites in the central and north areas and sedimentary gneisses in south. The soils consist 
mainly of till covered by glacial and postglacial clay in valleys and other topographical 
depressions. The estimated regional hydraulic conductivity of the sedimentary gneisses is 
among the lowest values in Sweden. The aim of this project has been to study the ground-
water quality in water wells and its relation to increased discharge of groundwater and 
small-scale sewage water treatment systems. The study was concentrated to some repre-
sentative islands in the archipelago of Stockholm. This paper focuses on the results from 
Ramsö island, Figure 1.
Ramsö island
Ramsö is a 1 km2 large island with 235 houses, among which 25-30% are used permanently. 
The island has a rather rough topography, raising up to maximum 35 m a.s.l. Geologically, 
the island consists of 60% bare rock outcrops (gneissgranites), 10% till and 30% clay covering 
till at topographical low areas (Frycklund et al. 2001). The vegetation consists of mixed 
forest and open ﬁ elds in clay areas. Drinking water is extracted from private drilled wells. 
Most houses have mouldering latrines and inﬁ ltration systems for the domestic water. 
Figure 2. Distribution of chloride, nitrate and heterotrophic bacteria in drilled wells at Ramsö island. 
The topography is shown in the upper left graph. The dots represent sampling points and the background 
pattern is the real estates. Contouring is made by kriging technique.
Chemical sampling and analysis was carried out in 42 selected drilled wells spread over 
the island. An inventory of sanitation systems, local geology and topography etc. was also 
carried out. 21% of the wells were by deﬁ nition affected by salt groundwater (>50 mg Cl/l). 
However, normally the concentration of chloride should naturally be lower than 20 mg/l 
(NV 1999). The nitrate content was generally low. Heterotrophic bacteria were found in 
19% of the wells and coliforms in 9%. No thermotolerant coliforms were found. A compara-
tive study of the concentration of chloride in about 100 wells at Ramsö has been carried out 
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by Stockholm County Council in 2004. It shows that 22% of the wells exceeded 50 mg Cl/l. 
Figure 2 presents the distribution of chloride, nitrate and heterotrophic bacteria at Ramsö. 
Increased chloride concentrations were found along the coastlines, whereas nitrate was 
found in the south central part and bacteria in the north-western part of the island. 
Statistical analyses of collected information using analysis of variance (ANOVA), prin-
cipal component analysis (PCA) and regression analysis were carried out. Some results are 
shown in Table 1 and Figure 3.
Pair-wise correlation generally showed low signiﬁ cance. ANOVA indicated that chlo-
ride concentration was affected by distance to sea, topography, well depth, and sanitary 
standard. High chloride concentrations were found close to the sea and at topographically 
low positions. The concentration increased signiﬁ cantly in deep wells (>80 m) and for 
houses where the sanitary standard is high. The mean concentration was slightly higher 
in outcrop areas and clay areas than in till areas. Content of nitrate likely increased at low 
topographical positions and in ﬂ at areas. High sanitary standard also increases the content 
of nitrate in surrounding drilled wells as well as shallow wells and areas covered with soil 
show higher nitrate content than outcrop areas. Bacteria were preferably found in topo-
graphically low-located wells. High standard increases the risk for shortcuts. Outcrop areas 
have higher bacteria content compared to till and clay-areas. A short distance between the 
water well and the sewage-water installations increased the concentrations of nitrate and 
amount of bacteria.
Table 1. Correlation matrices of various natural and technical factors versus chemical and bacteriological compounds. 
N=10-42. Black boxes represent signiﬁ cance at p<0.05, dark grey p<0.1 and light grey p<0.2. (COND=conductivity, 
HET.BACT=Heterotrophic bacteria, COL.BACT=Coliforms).
COND CL NO3 HET.BACT COL.BACT
Sanitary standard -0.05 0.32 0.50 0.20 -0.03
Sanitary system (toilet) -0.13 -0.48 -0.21 -0.01 0.09
Sanitary system (greywater) -0.25 -0.08 -0.26 0.28 -0.09
Depth of the drilled well 0.12 0.37 -0.25 -0.12 0.12
Geology at the well -0.01 -0.06 0.28 -0.12 -0.13
Geology at the sewage -0.04 -0.11 0.21 -0.33 -0.22
Slope at the sewage 0.08 -0.21 -0.38 0.19 0.20
Topog.position of the well -0.18 0.08 0.13 0.04 0.04
Topog.position of the sewage -0.13 0.16 -0.15 -0.18 -0.12
Altitude of the well -0.12 -0.22 0.10 -0.04 -0.09
Altitude of the sewage -0.02 -0.16 0.21 -0.12 -0.24
Distance well - sewage -0.13 -0.03 -0.14 -0.14 -0.07
Vegetation in the area 0.15 0.12 0.45 0.03 0.32
Based on the ANOVA results, a ﬁ rst attempt has been made to develop a variable-based 
model for the effect on the nitrate in drilled wells due to natural conditions and the tech-
nical systems. Non-numerical variables were grouped into classes. Originally 15 variables 
were selected. A Principal Component Analysis  (PCA) was ﬁ rst carried out in order to 
considerably reduce the number of variables. A multiple regression analysis showed that 
the vulnerability for nitrate contamination in drilled wells was mostly related to the loca-
tion (such as topography at the site, geology and vegetation) and the sanitary standard. 
The multiple R2 value came up to 0.93 (F=10.3, p=0.02) using sanitary standard, altitude of 
the sewage system and vegetation as signiﬁ cant variables.
Chloride vulnerability and groundwater balance
Estimations of the vulnerability of increased chloride were carried out using a variable-
based index method, the RV-method, which is described by Lindberg et al. (1996). This 
method is based on statistical analyses of wells in the county of Stockholm and from the 
national well archive at the Geological Survey of Sweden (SGU). It uses various natural, 
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Figure 3. Some results from ANOVA analyses. Concentration of chloride, nitrate and heterotrophic bacteria 
in relation to various factors. The boxes represent means and standard errors. F and p-values are only valid 
provided normal distribution.
technical and distance variables and gives an estimation of the vulnerability for saltwater 
problems and a measure of the uncertainty of the estimation. The RV-method can be used 
manually, computerized or in a GIS. The results from the RV-estimations at Ramsö are 
presented in Figure 4, which shows that there is a high risk for saltwater problems within 
100 m from the shore and moderate problems within the zone 100-300 m from the shore. 
A groundwater balance was calculated using the programme GWBal (Olofsson 2002). 
The method calculates the development of the groundwater storage with time, taking into 
account the recharge and discharge, the characteristics of rock and soil, and the stratig-
raphy. The calculations show that during dry years (recovery time 20 years), the ground-
water resources can only supply permanent living up to approximately 40% of the houses, 
i.e. the area must remain as a summerhouse area unless water scarcity and salinization will 
occur.
Discussion and conclusions
The project shows that many human-related and natural factors affect the groundwater 
quality in housing areas in hard rock terrain where the amount of available drinking water 
is limited by the storage capacities. The nitrate and chloride content is clearly affected by 
natural variables such as topography, geology and sanitary standard. Regarding the risk 
of increased salinity of wells, the results correlate to what has been previously reported 
(e.g. Lindell 1987, Gewers & Håkansson 1988, Boman & Hanson 2004). But the correlation 
between increased nitrate and bacteria in wells and sanitary standard is also clearly shown 
in the present paper. Raised nitrate content due to inﬁ ltration of sewage has previously 
been presented from summer housing areas in the northern part of Stockholm County 
(Palmqvist 1997). It is therefore very important that in areas with such limited fresh-water 
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resources, decisions regarding the water supply and the sewage water treatment must 
be handled simultaneously. At Ramsö island inﬁ ltration of toilet water (black water) was 
generally not allowed, otherwise increased groundwater quality problems would probably 
have occurred. Decision-making support tools such as statistically-based index methods 
and groundwater-balance calculations, taking the actual natural conditions and technical 
systems into consideration, can be valuable planning tools, especially in areas with scar-
city of freshwater. The present project has also shown that it is possible to make a rough 
vulnerability assessment for nitrate pollution in drilled wells using natural and technical 
factors. At Ramsö, the nitrate content in drilled wells could be sufﬁ ciently explained using 
sanitary standard, altitude of the sewage system and the vegetation as signiﬁ cant factors. 
However, the number of studied wells at Ramsö was far too few to develop a more general 
variable-based model.
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Comment and question by Krásný, Czech Republic
These problems obviously resemble those in the Greek islands and on small ocean islands. 
– Have the problems been studied with special test boreholes?
Reply by Olofsson, Sweden
The study is based solely on the statistics of experiences from private drillholes used for water supply. 
Serious quality problems were met with in 67 per cent of the drillholes.
Question by Frape, Canada
In Canada we have, besides those mentioned, also oil exploration and extracting activities adding to the 
problems described that were caused by intensive consumption of groundwater; anyway, we have rigorous 
regulations. How is the situation controlled in Sweden, can people be kept from inhabiting the islands?
Reply by Olofsson, Sweden
The present state is a result of gradual, freely increased private summer housing; altogether, in Sweden, 
the number of bedrock water-supply drillholes already exceeds one million. Now we have come to a situation 
where it is necessary to apply more rigorous regulations, but it will rapidly raise the costs, too.
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Groundwater impacts of two natural stone quarries 
in rapakivi granite and soapstone environments in 
southern and eastern Finland
Olli Breilin & Miikka Paalijärvi
Geological Survey of Finland, Espoo, Finland
(see Vol. of Abstracts, p. 25)
Question by Olofsson, Sweden
What kind of explosives have been used in the quarrying?
Reply by Breilin, Finland
No dynamite, as far as I know. Generally, the explosives only cause insigniﬁ cant pollution.
Question by Krásný, Czech Republic
Aren’t there in the quarries no larger bedrock ﬁ ssures?
Reply by Breilin, Finland
No, the studied quarries are located in a very tight rock and only affect local groundwater, but maybe there 
are other quarries that may catch groundwater through certain larger ﬁ ssures from farther-away catchment 
areas.
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Analysis of causes of increased radon concentration in 
groundwater using GIS and multivariate statistics
Kirlna Skeppström &  Bo Olofsson
Dept of Land and Water Resources Engineering, 
Royal Institute of Technology (KTH), Stockholm, Sweden
Abstract
High radon concentration in drilled wells contributes to an increased risk of radiation and is 
therefore a health threat. This preliminary study focuses on 1,460-drilled wells in Stockholm 
County in Sweden and involves the use of GIS to investigate the inﬂ uence of soil, bedrock, 
fracture zone, elevation, landuse and slope of a terrain on the radon content in drilled 
wells at a regional level. Statistical analyses of data were performed, using Kruskal-Wallis 
ANOVA by ranks and the multivariate statistical method of Principal Component Analysis 
(PCA). The project has so far shown that 8% of analysed wells exceed the Swedish regula-
tory limit of 1000 Bq/l while 26% of the 1460 wells have a radon concentration greater than 
500 Bq/l. In addition it was found that bedrock, topography and the use of the well clearly 
affect the radon content. 
Keywords: Radon; Groundwater; GIS; statistical analysis
Introduction
Radioactive decay of elements that occur naturally in the earth’s crust is a common phenom-
enon. The largest fraction of natural radiation exposure we receive comes from the noble 
gas radon (Keller, 1992; O’Neill, 1998). There are three naturally occurring isotopes of radon, 
222Rn, 220Rn and 219Rn, each associated with a different radioactive decay series that begins 
with the radionuclides 238U, 232Th, and 235U, respectively (Gundersen and Wanty, 1991). 
The isotope of interest is 222Rn, with a half-life of 3.82 days while the other two isotopes are 
not of particular importance because of their very short half-lives of a few seconds (Nagda, 
1994; Wilkening, 1990). 222Rn is a health concern because when it decays, alpha particles 
are emitted and radioactive daughter products are formed. When inhaled over long period 
of time, radon can increase the risk of developing lung cancer; smokers are at a higher risk 
(SSI, 1996). The main source of exposure to radon is via inhalation as compared to the other 
route of entry namely ingestion (Burkart, et al., 2002). Much research work has focused on 
radon in the air. 
However, a groundwater supply enriched with radon is a further hazard and 
compounds the risk of developing lung cancer. In fact, radon gas quickly degasses during 
various uses such as showering, washing clothes or ﬂ ushing toilets and consequently 
contributes to the total concentration of radon in an indoor environment. (Cothern and 
Rebers, 1990). Previous studies indicate that 1000 Bq/l of radon in water contributes to 100 
Bq/m3 of radon in the air (Gundersen and Wanty, 1991; NRC, 1999; SSI, 1996). In Sweden, 
a concentration of 200 Bq/m3 in an indoor environment is the regulatory limit. High radon 
levels in drinking water are encountered when the water is extracted from crystalline rock 
aquifers including granitic type rock as well as high-grade metamorphic terrains (Wilkening, 
1990). These rock types have high concentrations of uranium and radium due to either their 
natural composition or to enrichment of uranium resulting from the leaching-transporta-
tion-precipitation mechanisms (Cothern and Rebers, 1990; Graves, 1987; Gundersen and 
Wanty, 1991; Åkerblom and Lindgren, 1996). It is hypothesized that an integrated approach, 
taking into consideration geology, hydrology, topography and geochemistry as well as 
technical factors are necessary to characterize the major variables inﬂ uencing the concen-
tration of radon in drinking water. The consideration of a number of potentially relevant 
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factors besides the most commonly investigated factor of geology, in a risk model will help 
to determine in a more accurate way areas at risk. In this study, a combined approach of 
GIS and statistical analyses has been used to investigate factors of topography, landuse, soil 
and bedrock geology, fractures and occurrence of the radionuclide uranium.
Study area
The region under study is located in Stockholm County (Figure 1). The spatial coordinates 
are: North min-6549975, north max-6600025, east min-1599975, east max-1650025. A total 
of 1,460 private wells were investigated. This paper is part of a large study conducted in 
Stockholm County, comprising of a total of 4300 wells.
Figure 1. Distribution of 1460 private wells investigated for radon in Stockholm County 
Materials and methods
Data used
The data used for this project were obtained from the Swedish Geological Survey (SGU) 
and consist of soil, bedrock, fracture maps as well as airborne radiometric measurements of 
uranium along 200 m spaced ﬂ ight lines with 40 m along line measurements. Topography 
data as well as landuse data were acquired from the Swedish National Land Survey.  Data 
about well distribution and radon content were obtained from municipalities and the 
county council, in digital form as a table, one row per sample, with columns containing 
spatial coordinates.
Methodology
The ﬁ rst step, after establishing the spatial extent of the study area, was to assemble all 
the appropriate data in a GIS database. The ArcGIS software was used for that purpose. 
Elevation data was included in the analysis since it provides an investigation of the ﬂ ow 
of groundwater. The geology (soil and bedrock) gives an indication of the amount of radi-
oactive minerals present. Fracture zones are often enriched in minerals e.g. uranium; thus 
the determination of distance from fracture zone indicates high radon concentration prob-
abilities.
Soil maps, bedrock data, fracture maps, topography as well as landuse data, obtained 
as shape ﬁ les, were rasterized with a spatial resolution of 50 m to produce continuous 
surface maps. For geophysical data (uranium), the original ﬂ ight-line data had been trans-
formed from a series of point measurements along lines and interpolated using simple 
kriging on to a regular grid (Burrough and McDonenell, 2000). Wells data were transformed 
into a point shape ﬁ le. The second step involved extracting information from each factor 
map for each well as well as deriving additional factors (Table 1). The spatial analyst as well 
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as the geostatistical analyst function of ArcMap was used for that purpose.  The derived 
factor of relative altitude within 200 m, derived from elevation provides an indication of 
the slope of the terrain. This was calculated by expressing the difference of altitude at well 
location and minimum altitude as a percentage of the difference between maximum and 
minimum altitude. Derived factors of predominant soil and landuse within 200 m indi-
cate the conditions in the surrounding environment and have also been investigated with 
regards to radon concentration.
Table 1. Factors considered in the analysis
Factors Derived Factors
Elevation* Relative altitude within 200m*
Difference in altitude within 500m*
Soil type# Predominant soil within 200m#
Landuse# Predominant landuse within 200m#
Distance from fracture zone*
Bedrock#
Uranium content*
* Quantitative factor  # Qualitative factor
In the third step, the extracted data were exported and organized in STATISTICA, a 
computer program designed for statistical analyses. The multivariate statistical method of 
Principal Component Analysis (PCA) was used in a prior step to determine if relations exist 
among the different factors (Brown, 1998). PCA also aims to reduce the number of variables 
to a smaller number of ‘representative’ and ‘uncorrelated’ variables. This is because only a 
few factors that account for most of the variation in the radon content will be included in a 
model in the next study. Some derived factors could be redundant. After PCA, the database 
was statistically analyzed through ANOVA Kruskal-Wallis by ranks. This method caters for 
both the qualitative and the quantitative nature of the factors as well as the non-normal 
distribution of the variables. The purpose of such statistical analyses was to identify those 
factors that exhibit covariance with radon concentration in bedrock-drilled wells.  
Results 
Preliminary results indicate that 8% of the analysed wells exceed the regulatory limit of 
1000 Bq/l while 26% of the 1460 wells have a radon concentration greater than 500 Bq/l. 
PCA reveals that the derived factors are closely related to their original factors. Results of 
ANOVA are summarized in Table 2. 
Granite type bedrock (when compared to other rock types) is responsible for the 
highest radon concentration in water. It can also be observed that wells used on a perma-
nent basis have lower radon content than wells used in summerhouses. As far as soil types 
are concerned, it can be deduced that when the overlying soil type is clay or silt, a higher 
radon concentration is encountered as compared to when the overlying soil is sand or 
gravel. The uranium content is positively correlated to the radon content; as the concen-
tration of uranium increases, the concentration of radon in water also increases. The inﬂ u-
ence of the slope of the terrain on the radon concentration is not evident in this prelimi-
nary study. There is no clear trend showing how the radon concentration varies at different 
slopes. Figure 2 shows results for the inﬂ uence of altitude and distance to fracture zone 
on the radon concentration. It can be observed that the radon concentration is lower at 
higher altitudes than on lower terrains. There is a slight decrease in radon concentration 
in water as the distance from fracture increases. This is however not statistically signiﬁ cant. 
If a reclassiﬁ cation is made, using a smaller distance from fractures (0-5 m), a clear correla-
tion is seen but the number of wells in this class was however too few. Errors in well posi-
tioning and fracture zones can also occur and should be taken into consideration in the 
interpretation of statistical analyses.
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Table 2. Radon concentration associated with each factor. 
Factors *Signiﬁ cance Level, p Classes Rn (Bq/l)
Soil type 0.0261 Clay/silt
Till
Rock
Sand/gravel
Near water
300
253
230
175
170
Bedrock 0.0000 Meta sedimentary
Felsic gneisses
Maﬁ c rocks
Granite
180
290
225
470
Landuse 0.0000 Summer houses
Permanent houses
190
130
Uranium content (ppm) 0.0000 0.5- 1.5
1.5-2.5
2.5-3.5
3.5-4.5
>4.5
175
174
180
370
548
Slope of terrain with 100 m (%) 0.0002 0-20
20-40
40-60
60-80
80-100
163
327
422
291
257
*) The p-level reported with the Kruskal-Wallis ANOVA test represents the probability of error involved in accepting the research 
hypothesis that the median radon concentration values differ among the different categories of observations.
Discussion
The preliminary investigations conducted on the sample study area indicate that altitude 
is correlated to the radon concentration. At high altitude, water has a short residence time 
since it tends to ﬂ ow to lower grounds. This means there exists constant circulation of 
water at high altitude, leading to lower concentration of radon. Water is almost stagnant 
Figure 2.  Box plots showing correlation of radon with altitude 
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at low altitude and depending on the geology type (e.g. clay), a higher radon concentra-
tion can be encountered there. Radon emanating from bedrocks at high altitude can also 
be carried along with the water to lower altitude. Another factor might be that leached 
radioactive elements from bedrocks (e.g. uranium and radium) get carried with water 
in bedrock fractures, to low altitudes and eventually decay to radon gas at low altitude. 
Transport of leached radioactive materials in water has been reported by (Åkerblom and 
Lindgren, 1996). 
As far as geology is concerned, observed high content of radon when the overlying 
geology is clay could be explained by the fact that clay is a tight material and does not allow 
easy inﬁ ltration when it rains. Sand or gravels, on the other hand, are permeable materials, 
a characteristic that allows inﬁ ltration and consequently a dilution of water underneath 
the overlying geology. Till is a heterogeneous material and there exist very large variations 
in the gradings of till and hence its inﬂ uence on radon concentrations varies. It was also 
observed that wells that were located near to water (e.g. lakes) generally have low radon 
concentrations. One possible explanation could be that surface water has a tendency to 
intrude into the ground next to it. This result in a decrease of the overall concentration of 
radon in groundwater pumped from such regions.
Wells in operations for a short time period in summerhouses have a higher concen-
tration of radon than wells that are used on a regular basis in permanent housing areas. 
Similar results have been reported by (Knutsson and Olofsson, 2002). Regular use of a well 
induces circulation in the groundwater, which subsequently leads to a decrease of radon 
concentration.
Conclusions and future work
Kruskal-Wallis ANOVA by ranks was appropriate for both qualitative and quantitative 
factors. Bedrock, altitude as well as use of the wells are correlated with radon content. For 
other factors, further investigations are required. In future work, similar analyses with 
additional factors will be completed on remaining parts of the Stockholm County. Detailed 
investigations at a local scale including additional factors such as technical speciﬁ cations of 
wells and geochemistry will be investigated in the next stage.
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Comment by Leveinen, Finland
Your results form another proof showing that man-made risks are being more and more important.
Comment by Niini, Finland
Certain studies carried out by Radiation and Nuclear Safety Authority Finland (STUK) indicate that the strong 
inﬂ uence of bedrock uranium would be indirect: the uranium-bearing minerals have ﬁ rst been loosened from 
the bedrock and crushed ﬁ ne by the moving glacier and now offer extremely large total mineral surface prone 
to effectively transfer uranium (and radon) to the groundwater recharge, which then, at least in places, may 
have increased the respective concentrations in the drillhole groundwaters.
Response by Skeppström, Sweden/Mauritius
Thank you for reference! I try to acquire relevant literature from STUK.
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Point-of-use devices for arsenic removal
Matti Valve1, Pirjo Rantanen1, Hanna Kahelin2 & Soile Heinonen3
1 Finnish Environment Institute, Helsinki, Finland
2 Geological Survey of Finland, Espoo, Finland
3 Tampere Power Utility, Tampere, Finland
Abstract
Besides radon, arsenic constitutes one of the most serious problems of the drinking water 
quality in individual wells in Finland. The objective of this research was to ﬁ nd methods 
for the removal of arsenic from the well water of single households and to develop effec-
tive, reliable and inexpensive arsenic removal equipment for household. 
Earlier tests with three commercial devices based on activated carbon ﬁ ltration, 
adsorption of activated  alumina (AA), and ion exchange devices and subsequent tests with 
three commercial point-of-use (POU) reverse osmosis (RO) devices gave quite discouraging 
results: all of the adsorption based or  reverse osmosis devices  turned out to be ineffective 
at all the test sites. 
Laboratory tests on greensand, activated alumina, and a commercial iron removal 
adsorbent showed that the activated alumina appeared to be the most efﬁ cient of the 
adsorbents. Two of the AA adsorbents were chosen for an extended monitoring survey 
carried out, during which standard household conditions were simulated. The RO devices 
were tested with new thin ﬁ lm composite (TFC) membranes.
Five RO devices and one AA device were subsequently installed in households. The 
functioning of these devices were monitored during 6–18 months. 
The results showed that As(V) can be removed with RO using TFC-membranes. As(III) 
was harder to remove and the treated water As-concentration remained slightly above the 
10 µg/l level. The AA device functioned satisfactorily removing both As(III) and As(V) and 
the capacity of the device was adequate for 6–12 month operation before replacing of the 
adsorbent is needed.
Guidelines for choosing the proper method for As removal is given.
Keywords: Groundwater quality, household water, arsenic removal, point-of-use device, 
Lempäälä, Finland
Introduction
Groundwater in some parts of Finland has elevated arsenic concentrations due to certain 
minerals in the bedrock. Arsenic poses a problem especially in 2000 – 10000 drilled wells for 
single households in these areas. The exact number is not yet known.
The arsenic limit in drinking water is 10 µg/l.
Earlier tests in Finland showed that point-of-use (POU) equipment did not remove arsenic as 
expected (Järvinen et al. 1997). The methods tested were granulated activated carbon ﬁ ltra-
tion (GAC), ion exchange, activated aluminium oxide-ﬁ ltration (AA) and reverse osmosis 
(RO). The poor results with these devices initiated further research on the problem.
Project description
The study was composed of the following phases:
•  laboratory experiments at Tampere University of Technology (TUT) to ﬁ nd suitable 
adsorbents,
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•  laboratory experiments to identify the best activated aluminium oxide adsorbents,
•  on-site tests of two AA-ﬁ lters with the best adsorbents,
• follow-up of one AA-ﬁ lter in a household,
• on-site tests of RO-equipment,
• follow-up of ﬁ ve RO-equipments in households.
The study was made in co-operation between Geological Survey of Finland (GTK), TUT, 
Lempäälä municipality, and two equipment suppliers: HOH Separtec and Watman. The 
study started in 1999 and the last samples were taken in January 2002.
Laboratory tests of adsorbents
Three different adsorbents were tested at the TUT laboratory in 400 ml columns fed with 
peristaltic pumps. The raw water was taken from a well containing water with an As 
concentration of approximately 500 µg/l. As(III) varied between 30 and 50 % of total As. 
The adsorbents were AA, greensand and an adsorbent developed for iron removal. Only 
AA gave good enough results.
The same equipment was used to test ﬁ ve different brands of AA. The bed volume 
was reduced to 100 ml to accomplish the tests in a reasonably short time period. Two of the 
tested AA-materials proved to be superior and subsequent tests were made on the effects 
of retention time (Fig. 1) and the effect of different competing ions on their capacity.
It was concluded that the empty bed retention time (EBRT) should not be less than 6.25 
minutes and that phosphate, sulphate and manganese competed with arsenic. One of the 
most signiﬁ cant ﬁ ndings was that these two AA adsorbents also removed As(III) without 
the need to oxidize it to As(V). The capacity was calculated to be approximately 800 mg As 
per litre of AA (Heinonen 1999).
On-site tests of activated aluminium oxide
Two 7-litre AA ﬁ lters (brands P and D) were installed at Säijä School in Lempäälä.  They 
were installed after the main pressure vessel and were equipped with timer-operated 
magnetic valves and ﬂ owmeters. The maximum ﬂ ow was set to 1.8 – 2.3 l/min and the timer 
was programmed to simulate the daily use of drinking water. The total daily ﬂ ow was 40-50 
l/d and EBRT 3-4 minutes. Sampling was performed approximately once or twice a month. 
An extensive analysis of different chemical elements was made at the GTK laboratory. 
The brand D of AA was activated using acid-lime treatment prior to ﬁ lling the reac-
tors. The raw water was pumped from a drilled well and contained approximately 500 µg/l 
of As, of which 30 – 50 % was As(III). 
The performance of the ﬁ lters is presented in Fig. 2. The capacities of the two ﬁ lters 
AA1 and AA2 were 650  and 670 mg As per litre, respectively, giving a volumetric capacity of 
approximately 9300 litres before the As concentration exceeded the limit of 10 µg/l. The As 
Figure 1. Effect of retention time 
on As concentration in activated 
aluminium oxide ﬁ ltration.
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concentration increased gradually and no sudden release of arsenic into the treated water 
was observed. No bacterial contamination was observed despite the lack of disinfection of 
the water during the 200-day run.
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Figure 2.  Arsenic concentra-
tion with two brands of activated 
aluminium oxide (D and P).
Figure 3. Arsenic and ﬂ uo-
ride concentrations after 
aluminium oxide treat-
ment.
Household installation of an activated aluminium oxide ﬁ lter
One of the test ﬁ lters described above was reﬁ lled with new AA (brand D) without activa-
tion and installed in a private house in Tampere. The ﬁ lter was installed before the kitchen 
tap and all fresh water used in the kitchen (with the exception of the dish washer) was 
treated. The maximum ﬂ ow was limited to 4–6 l/min, meaning an EBRT of approximately 
70 seconds.
The raw water from the drilled well contained approximately 100 µg/l of As, of which 
17% was As(III).
The capacity of the ﬁ lter was 8400 litres before the As concentration of the treated 
water exceeded 10 µg/l. This meant a capacity of 120 mg As per litre of  AA, which was only 
18 per cent of the capacity in the test unit at Säijä School. This is believed to be due to the 
shorter EBRT and the lack of acid-base treatment of the AA. The increase of the treated 
water As concentration was very slow and after treatment of 13300 litres the concentration 
was still only 14 µg/l, corresponding to a capacity of 260 mg of As per litre of AA. The ﬂ uo-
ride concentration decreased from 1.3 mg/l to almost zero and started to increase simulta-
neously with the As concentration (Fig. 3). It was also interesting to note that manganese 
(inﬂ uent 150 – 200 µg/l) was removed in the beginning of the period but started to increase 
before the As and F concentrations started to increase.
On-site tests of reverse osmosis
Three different POU RO units were installed at Säijä School and Säijä Water Co-opera-
tive where the As concentration was 50 µg/l. At Säijä School only the unit with a pressure 
booster using a pressure of 8 bar was able to remove all the As. The units using line pres-
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sures between 2.5 and 4.5 bar could remove only 50 % of total As and almost none of As(III). 
At the Säijä water co-operative one unit removed all the As.
Household installation of RO
Five POU RO units were installed in private homes. In the beginning all the units were 
operated at the ambient line pressure of 2.5 to 4.5 bar but at the end of the test period one 
unit was replaced by a unit with a pressure booster. The RO membrane was exchanged in 
two units ﬁ rst because of  an initially incorrect type of membrane and thereafter because 
the results were not satisfactory.
A summary of these installations is presented in Table 1 and the results in Table 2.
Table 1. Household installations of RO units.
Unit RO-1 RO-2 RO-3 RO-4 RO-5
Site Tampere Lempäälä Hikiä Lempäälä Tampere
Supplier** W S W S W
Start date 03/2001 02/2000 05/2000 01/2000 12/2001
Primary treatment no no GAC ion exchange no
Users 4 4 2 4-5 5
As(tot),µg/l 148 38 20 80 10
As(III), % 0 76 1 19-86
Fluoride,mg/l 1.1 1.3 1.1 0.4 1.9
Fe, mg/l 0,06 <0,03 <0,03 2,9 0,03
Manganese,µg/l 196 28.1 1.8 433 35.5
EC, mS/m 34 24 20 28 23
**W is Watman, S is HOH-Separtec
Table 2. Composition of RO-treated water.
RO-1 RO-2 RO-3 RO-4 RO-5
As, µg/l 5.9 14.3 0.5 32.1 0.9
F, µg/l 0.1 0.1 <0.1 0.2 0.12
U, µg/l <0.01 <0.01 0.02 <0.01 <0.01
E, mS/m 2.9 1.4 1.4 2.8 1.4
Ca, µg/l 2.8 1 0.8 <0.1 1.1
Cl-, mg/l 0.3 1.9 0.22 6.1 0.22
AsIII, % 23 5-12 67 14-62 100
Fe, mg/l <0.03 <0.03 <0.03 <0.03 <0.03
Mn, µg/l 10.6 0.6 0.09 0.1 1.2
CODMn, mg/l 1.4 1 0.8 0.8 0.63
The RO-units did not perform consistently. It was apparent that As(III) was more difﬁ cult 
to remove than As(V) and in this case the pressure booster did not help the situation. It is of 
utmost importance that the correct membrane is chosen. It appeared that membranes from 
different manufactures but with the same speciﬁ cations behaved differently and also that 
even membranes from the same manufacturer and with the same speciﬁ cations behaved 
differently in As(III) removal.  All units supplied by Watman performed satisfactorily, but 
the incoming water contained less As (III) than the incoming water treated with the units 
supplied by HOH-Separtec.
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Recommendations
On the basis of the study the following recommendations are given:
•  If possible the household should  join the  municipal water works. Arsenic is not a 
problem in any public water works in Finland.
•  If arsenic-free water is found amongst neighbours, co-operation is encouraged. 
Several households can together establish a co-operative. Prior negotiations with the 
Regional Environment Centre are beneﬁ cial.
•  If there exists a dug well in the vicinity it is recommended to recondition it and use 
the water for drinking and food making. Water from the borehole well can be used 
for all other applications.
•  Fetch drinking water from a municipal tap.
•  If none of the aforementioned procedures is feasible it is recommended to buy a point 
of use activated aluminium oxide ﬁ lter or reverse osmosis equipment to purify the 
water for drinking and food preparation. It is of utmost importance to use the correct 
brand of aluminium oxide or membrane. Responsible equipment suppliers guarantee 
the result and are able to evaluate the need for primary treatment and to specify a 
recommended method.
•  Buying of bottled water. This is the most expensive alternative.
When acquiring a POU-device the following points should be considered:
•  the quality of the raw water should be established: 
• total arsenic concentration and As(III),
• ferrous iron and manganese,
• ﬂ uoride,
• radon,
• phosphate and sulphate.
On the basis of this information the following measures should be taken:
•  If the water contains radon it should be removed from all household water either with 
a GAC-ﬁ lter or by aeration.
•  If all or almost all arsenic is As(V), RO or AA ﬁ ltration can be used. If the water contains 
Fe > 0.2 mg/l or Mn > 0.05-1 mg/l, this should be removed before RO treatment.
•  If the main part of arsenic is As(III), AA-ﬁ ltration can be used and with reservations 
RO using TFT membranes and pressure boosting (> 8 Pa).
•  Both RO and AA remove ﬂ uoride and phosphate. This should be taken into account 
when evaluating the capacity  of AA-ﬁ ltration.
•  If needed the AA-treated water can also be disinfected by UV-radiation.
The quality of treated water should be monitored. Arsenic is a very harmful compound 
and it is recommended that RO-treated water  should be analysed at least once a year and 
AA-treated water initially every six months until the capacity is established and then once 
a year. The operation of the RO-equipment can also be monitored more frequently with a 
simple conductivity measurement. 
It is recommended to make a service agreement with a suitable operator for the change 
of AA. Changing the ﬁ lters and membranes in the RO equipment  is not complicated and 
can be performed by the user himself. Spent AA should be handled like hazardous waste. 
The used RO ﬁ lters and membranes are normal household waste.
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Question by Olofsson, Sweden
Arsenic forms an enormous problem in, e.g., Bangladesh. Would your results be applicable in developing coun-
tries?
Reply by Valve, Finland
Hardly! The inﬂ uencing framework conditions are so different.
Comment by Blomqvist, Finland
Just for information: The Geological Survey of Finland (GTK) has been developing a co-operative study 
programme in order to settle the life-cycle of arsenic; GTK is the coordinator of the programme.
Additional information by Valve, Finland
As to the removal of arsenic, we have been co-operating with Berlin technical university.
Question by Leveinen, Finland
How much does one family produce arsenic waste on an average?
Reply by Valve, Finland
About seven litres annually.
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Water supply of the Turku area
Timo Äikäs
Posiva Oy, Olkiluoto, Finland
Oral psesentation during the return trip from Olkiluoto.
Turku has about 200,000 inhabitants, and its water supply is taken care of by using the 
surface water from the small and rather polluted river Aura. The demand has gradually 
risen, and already for 40 years the authorities have tried to ﬁ nd a better solution. About 30 
years ago I was personally involved in the studies that were necessary to ﬁ nd a better water 
source from the large glacioﬂ uvial sand and gravel deposits in the Säkylä – Oripää region 
80 km NE of the City of Turku. 
The suggested solution implied pumping of surface water from Lake Pyhäjärvi into 
the Oripää Esker to form artiﬁ cial groundwater, and collecting this from a series of wells 
and conveying to Turku. The problem was that due to water pumping from Lake Pyhäjärvi, 
the small river Eurajoki to which Lake Pyhäjärvi is discharging would get less water; this 
loss should have been compensated by conveying additional water to the river Eurajoki 
from the bigger river Kokemäenjoki north of Pyhäjärvi. 
A possible method of leading the necessary additional water was a tunnel from 
Kokemäenjoki to Eurajoki. There were, however, special difﬁ culties in planning the tunnel 
since more than a half of this 20-km distance consists of  Jothnian sandstones the proper-
ties of which are remarkably different from those of  the typical Precambrian hard rocks of 
Finland as for their hydrogeological and construction effects.
The main reason for abandoning the tunnel alternative technically was an approxi-
mately 100 m deep escarpment between the contact of the Precambrian rocks and Jothnian 
sandstone. Anyway, this solution is still valid roughly, but for legal or other (bureaucratic) 
reasons the decisions for a satisfactory water supply solution for the Turku region have not 
yet been made.
In the end of the session, Mr. Timo Äikäs, Finland, gave information and advice for the 
workshop excursion to Olkiluoto on Tuesday. The bus transport to the site takes three 
hours, and the weather forecast indicates an abnormally low temperature, 13°C. Good ﬁ eld 
shoes are necessary and adequate clothing for possible rains. Passport is obligatory for the 
foreigners, the Finnish participants only need an ofﬁ cial identiﬁ cation card. During the 
excursion the participants are being hosted by the organiser POSIVA Oy.
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Poster presentations
Monday, June 7, 2004 at 17 –18.30 at the Finnish Environment Institute
with snacks offered by the Geological Survey of Finland and the Finnish 
Environment Institute
Joonas Klockars, Olli Breilin & Annukka Lipponen: Groundwater quality and 
yield of an aquifer system in fractured crystalline bedrock area in Leppävirta, 
eastern Finland (see Vol. of Abstracts, p. 28 – 29)
Erkki Lanne & Ulpu Väisänen: Exploration of bedrock aquifers by geophysical 
methods – Experiences from northern Finland (see Topic 1, p. 32-35)
Jari Löfman: Simulation of hydraulic disturbances caused by the underground 
rock characterisation facility in Olkiluoto, Finland (see Topic 3, p. 91-96)
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Excursion to Olkiluoto
by bus via Humppila (coffee break)
Tuesday, June 8, 2004 at 7.00 –20.00
A folder containing information material about the Olkiluoto nuclear powerplant and 
nuclear waste disposal facilities as well as the hydrogeological ﬁ eld and modelling investi-
gations carried out was delivered to all participants.
During the bus travel to Olkiluoto a great fracture zone was crossed. Professor Heikki 
Niini gave an oral presentation about its signiﬁ cance for the Päijänne-Helsinki water-
conveyance tunnel directed through the zone (see Topic 3, p. 97-98). Near Rauma, Mr. Timo 
Äikäs arranged a video presentation ”Nuclear power generation in Finland”. The speaker 
held (both before and after lunch) an introductory presentation of the nuclear waste issues 
related to Olkiluoto (see Topic 3, p. 99). 
A visit to the Olkiluoto VLJ-repository (LLW/ILW) located 60 m underground, was 
included in the programme. The speaker introduced the local host Mr. Veli-Matti Ämmälä,
who a little later guided the participants into the repository.
Oral presentation by Mr. Henry Ahokas
Jaakko Pöyry Infra, Fintact Oy, Vantaa, Finland
Groundwater ﬁ eld measurement and tests at the ONKALO site
The speaker characterised, with the aid of excellent colour pictures, the different ground-
water investigations based on sampling from drillholes. The methods comprised long-
term monitoring, single-hole tests, interference pumping tests, and ﬂ ow measurements. 
In Addition, over 50 shallow borehole tests have been done, the results of which are partly 
related to the interpretation of the deep-hole study results.
Detailed hydraulic and geochemical data concerning the bedrock fractures have been 
revealed even from a depth of 700 metres. On the basis of these studies, the baseline condi-
tions of the site have already been reported. A monitoring programme is being initiated. 
An important task under consideration is the modelling of all possible disturbances caused 
by the construction of the ONKALO underground facilities. 
Question by Abedi, Finland/Iran
Are there any problems with the “ordinary” harmful elements Fe, Mn, F etc. of the groundwater?
Reply by Ahokas, Finland
No.
After the lunch and ofﬁ ce presentations Äikäs showed in the ﬁ eld a couple of drillhole 
sites with groundwater testing and monitoring instruments. Mr. Heikki Hämäläinen,
consultant, demonstrated the activities that are done in a big reel car for conductivity meas-
urements in deep holes.
Then the participants were guided by Veli-Matti Ämmälä to visit the VLJ repository. 
Each one could personally experience the rigorous individual radioactivity control meas-
urements in connection with the visit.
After a coffee break, during which the participants were given additional documents 
and brochures, Chairman Rönkä thanked the hosts, and the group started the return travel 
back to Helsinki along another route, namely via Rauma and Turku.
Actions in the bus by Timo Äikäs: Beer and sandwich serving during the return trip and 
an oral presentation near Turku: Water supply of the Turku area (see Topic 5, p. 74)
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Before the Topic 3 presentations, the session started with the keynote lecture by Professor 
Shaun Frape, Canada, A. Blyth & R. Blomqvist & R. Stotler & T. Ruskeeniemi: The role of 
ﬂ uids and fracture minerals in crystalline shield environments (paper distributed sepa-
rately, see Opening address and keynote lectures, p. 15)
Oral presentation by Mr. Henry Ahokas: Hydraulically conductive fractures and their 
properties in boreholes KR4 and KR7 – KR10 at Olkiluoto site, Eurajoki
Oral presentation by Mr. Reijo Riekkola: Hardrock hydrogeology in the construction of 
the ONKALO underground rock characterisation facility
Poster presentation by Mr. Jari Löfman: Simulation of hydraulic disturbances caused by the 
underground rock characterisation facility in Olkiluoto, Finland
Oral presentation by Professor Heikki Niini (during the ﬁ eld trip to Olkiluoto): Water 
supply of the Helsinki metropolitan area along an unlined hardrock tunnel
Oral presentation by Mr. Timo Äikäs (during the ﬁ eld trip to Olkiluoto): Posiva’s R & D 
programmes on deep geological disposal of spent nuclear fuel
4
Fourth session (Topic 3)
Hardrock hydrogeology in 
underground construction and 
rock engineering
Wednesday, June 9, 2004 at 9.30 –11.30 at SYKE
Chair: Professor Runar Blomqvist
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Pirjo Hellä, Eveliina Tammisto & Henry Ahokas 
Jaakko Pöyry Infra, Fintact Oy, Vantaa, Finland
Hydraulically conductive fractures and their 
properties in boreholes KR4 and KR7 – KR10 at 
Olkiluoto site, Eurajoki
Abstract
As part of the program for the ﬁ nal disposal of the nuclear fuel waste, Posiva Oy investi-
gates the prevailing hydrological conditions at the Olkiluoto Island. Hydraulic properties of 
fractures are of interest for the groundwater ﬂ ow modelling, planning of grouting, analysis 
of leakages etc. This paper presents the results of a pilot study carried out to combine the 
results of detailed ﬂ ow logging with borehole wall images and core mapping and thereby 
to describe properties of single conductive fractures. 
Keywords: Nuclear waste, geological disposal, hydrogeological modelling
Introduction
Posiva Oy has carried out site investigations for the disposal of spent nuclear fuel at the 
Olkiluoto site since the late 1980s. Within the site characterisation programme, hydraulic 
properties of fractures are of interest for the groundwater ﬂ ow modelling, planning of 
grouting, analysis of leakages etc. The detailed ﬂ ow logging with 0.5 test section and made 
in 10 cm steps provides possibilities to detect even single hydraulically conductive frac-
tures. In this work, the results of ﬂ ow logging are combined with the fracture data and 
other rock properties. An important data set for detecting the conductive fractures have 
been the borehole wall images, which make it possible to get additional information of frac-
tures located on sections where the core sample is unoriented, broken or there is core loss. 
Other projects to log distinct hydraulically conductive fractures have been reported by e.g. 
Ota & Amano (2003) and Carlsten et al. (2001). 
This paper presents the preliminary results of the project aiming to recognise and 
analyse the properties, especially orientation, of the hydraulically conductive fractures. 
Boreholes KR4, KR7, KR8, KR9 and KR10 have been selected as pilot holes. These boreholes 
were chosen, because they are located close to the planned access tunnel and as the bore-
hole wall imaging has been done with varying techniques in the boreholes, also providing 
an opportunity to test the applicability of different images for fracture logging. 
Data
Table 1 presents basic information about the boreholes and the depth intervals as well as 
the imaging technique included in the study. Location of the boreholes is shown in Figure 
1. The data used included the detailed ﬂ ow logging results, borehole wall images and core 
logging results (fractures and their properties, rock type). Additionally, single point resis-
tivity measurement done as part of the ﬂ ow logging was used for depth calibration.    
Depth adjustment of the different data sets is a precondition for the recognition of 
the hydraulically conductive fractures and analysis of their properties. All logging results 
suffer from depth errors. The core sample is not always re-sampled correctly, for example, 
due to the core loss or broken sections. None of the selected boreholes is drilled using the 
current triple tube technique, which ensures better core sample recovery. In ﬂ ow logging 
and borehole wall imaging techniques, the major source of depth error is the cable elonga-
tion, which is depth dependent. If the equipment gets stuck in the borehole, stepwise depth 
errors are possible, but otherwise the error should be at least piecewise linear. 
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Table 1. The borehole intervals included in the study and the applied imaging technique.
KR4 KR7 KR8 KR9 KR10
azimuth / inclination 0°/77° 43°/70° 155°/64° 0°/70° 0°/90°
start length, m 40.0 40.0 20.0 40.1 100.0
end length, m 901.6 811.1 315.0 601.3 614.4
sample length, m 861.6 771.1 295.0 561.2 514.4
Borehole wall imaging 
technique and
image resolution
BIP-imaging
1 pixel/1° and 
1 mm length 
resolution
OBI40
1 pixel/0.5° and 
0.5 mm length 
resolution
OPTV
1 pixel/0.5° and 
0.5 mm length 
resolution
OPTV
1 pixel/0.5° and 
0.5 mm length 
resolution
OBI40
1 pixel/0.5° and 
0.5 mm length 
resolution
Figure 1. Location of the deep boreholes OL-KR4, OL-KR7, OL-KR8, OL-KR9 and OL-KR10 at the Olkiluoto 
Island. The contour lines show the topography, grey lines have 1 m spacing and black lines 5 m spacing.
The borehole wall image depth was checked by comparing the depths of some distinct frac-
tures/fracture zones in the image with the reported core sample length. The borehole wall 
images were calibrated to the core sample depth with an adequate accuracy already as a 
result of the previous works. The difference ﬂ ow logging depth was calibrated mainly by 
comparing the depth to that of the borehole wall image and by checking that the distances 
between ﬂ owing points in both measurements were similar. Depth errors were controlled 
by plotting the difference in depth of the corresponding fractures as a function of core 
sample length and by checking the outliers from the general trend.
Recognition of the hydraulically conductive fractures
A WellCAD log for each borehole was compiled, presenting the ﬂ ow logging results, rock 
types, fractures mapped from the core sample and the borehole wall images. The conduc-
tive fractures were recognised from the images primarily based on a visible ﬂ ow along the 
image. In most of the cases, no traces of ﬂ ow were visible in the image although ﬂ ow was 
measured at the same depth. In these cases, the most probable fracture(s) to conduct the 
ﬂ ow were picked, i.e. fractures which are open at least partly or have a measurable aper-
ture. In some cases, although ﬂ ow was measured, no detectable fractures in the image 
existed. In a few cases, clear signs of ﬂ ow were visible in the image, but no ﬂ ow was 
observed in the detailed ﬂ ow measurement. An example of ﬂ ow logging results and bore-
hole wall image is presented in Figure 2.
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Figure 2. Example of a conductive section in borehole KR9. There is visible ﬂ ow from the uppermost  frac-
ture, the other conductive fracture is recognised based on the depth difference of conductive features in the 
ﬂ ow logging results.
In order to be able to analyse the prop-
erties of the hydraulically conductive 
fractures, the fractures logged from 
the core sample and reported in the 
mineralogical studies and in drilling 
reports corresponding to the ones 
picked from the borehole wall image 
were identiﬁ ed. The correlation was 
done based on matching the depth, 
intersection angle and other frac-
ture properties (reported large aper-
ture or width etc.). Intersection angle 
was preferred above the exact depth 
matching as the angle can be deter-
mined more accurately than the depth. 
There are small inaccuracies in the 
core sample length due, for example, 
to incomplete sample recovery. The 
dip direction or dip of the fracture was 
not used, as it is known that rather 
great differences in the dip direction/
dip between determinations from the 
borehole wall image and from the 
oriented core sample exist. See Figure 
3 for an example.
Figure 3. Example on correlating ﬂ ow points to fractures. On the left column, all the fractures mapped from 
the core sample are presented, in the middle the conductive fractures picked from the borehole wall image 
and on the right the ﬂ ow logging results. The arrows show the correlation.
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Main results
In total, 287 hydraulically conductive fractures were observed in the ﬁ ve boreholes. The 
correlation between the fractures picked from the image and the ones logged from the 
core sample was checked by studying the core sample and the images of boreholes KR7 
and KR8 simultaneously. The results show that hydraulically conductive fractures appear 
rather evenly in the near surface part (0-150 m) of the bedrock (1-3 conductive fractures per 
10 m). Deeper in the rock (>150 m), the conductive fractures are less frequent, the average 
being 5 conductive fractures per 100 m and the variation between boreholes is considerable. 
Deeper in the rock, transmissive fractures are less frequent, but they often form clusters of 
a few conductive fractures, resulting in a nearly equal median distance between fractures 
as in the upper part of the rock. Clusters of conductive fractures are often within or close 
to a densely fractured or crushed zone, but such clusters occur also in less frequently frac-
tured sections. Table 2 summarises the results per borehole.
Table 2. Summary of hydraulically conductive fractures.
KR4 KR7 KR8 KR9 KR10 Total
All conductive fractures
Count 29 73 75 69 41 287
Sample start length 40.0 40.0 20.0 40.1 100.0
Sample end length 901.6 811.1 315.0 601.3 614.4
Sample length/fracture, m 29.7 10.6 3.9 8.1 12.5 10.5
0-150 m below sea level
Count 11 19 56 46 7 139
Sample length, m 124.0 130.0 160.0 127.9 50.0 591.86
Sample length/fracture, m 11.3 6.8 2.9 2.8 7.1 4.3
Distance between conductive fractures, m
Average 19.4 8.4 4.1 3.2 5.5 5.66
Median 9.3 3.5 1.2 1.3 3.3 1.64
Stdev 34.9 10.7 10.2 5.9 7.5 13.35
Min 0.8 0.04 0.01 0.02 0.3 0.01
Max 121.6 39.8 71.5 37.8 21.6 121.6
>150 m below sea level
Count 18 54 18 23 34 147
Sample length, m 737.6 641.1 135.0 433.3 464.4 2411.28
Sample length/fracture, m 41.0 11.9 7.5 18.8 13.7 16.4
Distance between conductive fractures, m
Average 40.2 4.5 6.0 18.2 13.7 12.68
Median 7.6 1.4 1.2 8.0 5.8 2.26
Stdev 58.4 14.4 16.6 23.4 16.5 27.65
Min 0.1 0.01 0.03 0.02 0.01 0.01
Max 193.4 103.7 71.5 82.7 59.7 193.4
Deepest situating conductive fracture, sample length, m 763.5 410.1 306.6 547.8 560.6
Rock types
In total, about two thirds of the hydraulically conductive fractures are on migmatitic mica 
gneiss sections, the main rock type in the site. Roughly 30% are in granites and only a few 
in the less frequent rock types; tonalite, quartz feldspar gneiss and amphibolite. There 
are large differences between the results of different boreholes, reﬂ ecting mainly the rock 
type variation in the near-surface part of the borehole. Less than 10% of the hydraulically 
conductive fractures are located at or in the vicinity (within a few centimetres) of the litho-
logical contacts.
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Foliation
In total, about 40% of the hydraulically conductive fractures occur on sections of foliated 
rock. The majority of conductive fractures in foliated rock are not oriented along the folia-
tion. Both the proportion of conductive fractures in foliated rock and the relative orienta-
tion of fractures to foliation vary considerably between boreholes.
Bedrock structures
About 20% of the hydraulically conductive fractures are within the fractured or crushed 
zones. Also this varies between boreholes – in borehole KR4 the conductive fractures are 
closer related to the fractured structures than in the other boreholes. The results are here 
a bit vague, as in the zones adjacent conductive fractures are difﬁ cult to distinguish from 
a ﬂ ow peak, which may comprise several potentially conductive fractures. Furthermore, 
the conductive fractures are difﬁ cult to correlate with the fractures seen in the image and 
in the core sample. So it is likely that the number of conductive fractures within zones is 
actually higher.
Fracture orientation
In Figure 4, the orientation distribution of the conductive fractures is shown on an equal 
area lower hemisphere plots (black circles certain and white circles uncertain observations, 
certainty according to how reliable the recognition of the conductive fracture is from the 
image). Noteworthy is that in some boreholes, especially in KR7, the fracture orientations 
clearly depend on the borehole orientation. Anyhow, the transmissivity of the fracture does 
not depend on the intersection angle.
Figure 4. Orientation distribution of the hydraulically conductive fractures; stereograms of poles to the frac-
tures shown on an equal-area, lower hemisphere projection. The fracture orientation is corrected using the 
borehole deviation data, the borehole orientation is shown as red dot.
Fracture properties
The fracture properties discussed here are mapped from the core sample and deﬁ ned 
according to the Finnish engineering geological classiﬁ cation (Korhonen et al. 1974, 
Gardemeister et al. 1976, see also Anttila et al. 1999). The conductive fractures are mainly 
deﬁ ned as ﬁ lled, 70 to 80% of all conductive fractures are classiﬁ ed as ﬁ lled. Open fractures 
were mapped only in borehole KR7, where 40% of the conductive fractures were open. 
Anyhow, in borehole KR7 it seems that different deﬁ nitions were used in core sample 
logging so no further conclusions are made. It is not unusual that tight fractures are also 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . The Finnish Environment 79084
Question by Henriksen, Norway
Have you studied the relation between fracture and stress orientations?
Reply by Ahokas, Finland
We have a lot of measurement data, but any comprehensive treatment of the material has not yet been put 
into effect.
Question by Luukkonen, Finland
observed to be hydraulically conductive even with certainty. It is recommended that it will 
be checked from the borehole wall images if the fracture is open or partly open, instead of 
using the non-standard fracture deﬁ nitions according to the drilling report.
About 20% of the fractures have no reported inﬁ lling materials. Typical inﬁ llings are 
carbonates, sulphides and clay minerals, each of which are present in about 30-50% of the 
conductive fractures. Chlorite is also a typical inﬁ lling. There are not very great differences 
between the boreholes.
The fracture surface morphology is described to be planar in 20% of the cases, irreg-
ular in 50% of the cases and curved in 10% of the cases. Considering fracture surface quality, 
40% to 50% of the fractures have a semirough surface, whereas about 30% are rough and 
10% smooth. In both cases the proportions vary between boreholes.
Discussion
This pilot study showed that it is possible to identify single hydraulically conductive frac-
tures using the difference ﬂ ow measurements (using 0.5 m test section with 0.1 m steps) and 
borehole wall images. Furthermore, the fractures observed from the image can be corre-
lated with fractures observed from the core sample. The last step is tedious and most effec-
tively done when both the image and the sample can be studied at the same time. A precon-
dition is that the depth of ﬂ owmeter results and borehole wall images are calibrated to the 
sample depth with a reasonable accuracy (appr. ±10 cm). From the borehole wall image, 
the orientation of the fracture can be interpreted and it is possible to determine the aper-
ture of the fracture. Also the rock type and possible foliation can be mapped. In order to be 
able to analyse other properties of the hydraulically conductive fractures, like inﬁ llings, it 
is necessary to identify the same fractures in the core sample.
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How much is the average distance between signiﬁ cant fractures in an “intact” rock?
Reply by Ahokas, Finland
In the drillholes it is about 50 m, elsewhere even less, about 10 m, but the differently-oriented  fracture clus-
ters have been treated separately, which does not immediately give an overall picture of fracture densities.
Questions by Krásný, Czech Republic
Do the depth-dependences inﬂ uence the repository layout? Is there a mutual correlation between rock types 
and the data from the fractures?
Reply by Ahokas, Finland
Yes, there were detailed variations, and we deemed the “tonalite” bodies to be the most suitable. Anyway, 
a most signiﬁ cant lithological difference was found between the data from Olkiluoto and those from Loviisa 
(where the rock is rapakivi granite).
Additional information by Riekkola, Finland
A licentiate thesis (presented at the Lab. of Rock Engineering at the  Helsinki University of Technology) tried to 
elucidate the correlation between the fracture data and the stress conditions about ten years ago, but it did 
not indicate such a correlation.
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Hard rock hydrogeology in the construction of the 
ONKALO underground rock characterisation facility
Reijo Riekkola1 & Ursula Sievänen2
1) Saanio & Riekkola Oy, Helsinki, Finland
2) Jakko Pöyry Infra, Suoraplan Oy, Vantaa, Finland
Abstract
The spent fuel from the Finnish nuclear power plants will be disposed of at Olkiluoto in 
the municipality of Eurajoki. A rock facility, named as ONKALO, shall be designed and 
constructed by Posiva Oy to enable further characterisation and research of the host rock 
without jeopardising the favourable properties of the repository site. 
Posiva has organised a project “Control of Groundwater” to identify and develop 
the ways to control the foreseen disturbances caused by groundwater inﬂ ow into the 
ONKALO and the deep repository. The project has resulted in a preliminary conception 
of the amount and the distribution of the water inﬂ ow as well as of grouting conditions at 
Olkiluoto. The main technical way foreseen to control the leakages is pregrouting of the 
rock. Since the target inﬂ ows are very low and there are limitations for activities and mate-
rials, the problems in water-inﬂ ow control culminate in the very small fracture apertures 
and high hydrostatic pressure in the deep bedrock
Keywords: nuclear waste, geological disposal, hydrological modelling
Introduction
Posiva Oy construct  and operate of the deep repository for spent nuclear fuel from the 
Finnish nuclear power plants. Based on multidisciplinary research and development work 
in several areas during about 20 years, Posiva selected a site located at Olkiluoto island 
for the disposal and further studies. The Finnish parliament conﬁ rmed the selection of 
Olkiluoto in 2001. Olkiluoto island is located in Eurajoki municipality at the west coast of 
Finland. 
During 2004-2010 Posiva will construct 
ONKA LO, an underground rock charac-
terisation facility, which is planned to be 
later part of the deep repository. ONKALO 
will consist of an access tunnel, ventilation 
shaft and research tunnels (Figure 1), and 
it is planned to form a connection between 
surface facilities and the deep repository. 
From ONKALO the suitable rock volumes 
for the deep repository will be character-
ised and the deep repository is planned to 
be constructed at the depth of about 400-
500 m. The construction of the deep repos-
itory is planned to be started in late 2010’s 
and the disposal operation is planned to 
commence in 2020.
Figure 1. The illustration of ONKALO
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The control of groundwater is one of the most challenging tasks in the construction and the 
operation of the underground facilities. The construction of the tunnels affects the ground-
water ﬂ ow and the groundwater chemistry in the surroundings. Some impacts caused by 
the inﬂ ow of water into the facilities may impair the long term safety of the disposal system. 
For this reason, Posiva started a project “Control of Groundwater” in 2001 in order to:
•  recognise possible problems and disturbances due to groundwater inﬂ ow into the 
facilities
•  estimate the amounts of water inﬂ ows into the underground facilities
•  evaluate the grouting conditions at Olkiluoto and the groutability of rock in the 
area
•  study the experiences of water inﬂ ows obtained from Nordic tunnelling projects
•  design the baseline for sealing of the underground facilities
•  chart, evaluate and possibly develop methods and materials for rock grouting, which 
is the main way to seal the bedrock.
The work done in the project has been summarised by Sievänen & Riekkola (2003).
Impacts of inﬂ owing water
Groundwater inﬂ ow into the underground facilities may cause many problems in ONKALO 
and in the deep repository (Vieno et al. 2003, Riekkola et al. 2003, Sievänen 2001 and 2003). 
The main problems with regard to uncontrolled water inﬂ ow (Figure 2) are related to the 
•  construction (interruptions and delays in excavation work, labour safety, economical 
losses)
•  operation of the facility (equipment sensitivity, emplacement of the barrier systems) 
•  environment (lowering of groundwater table)
•  long term safety (water intrusion may transport unfavourable chemical substances to 
the repository area)
•  properties and behaviour of materials used in sealing of the tunnels (pH-plume, 
organics).
The impacts of water inﬂ ow can be diminished by different technical solutions, of which 
grouting by inorganic cement-based materials is regarded as the most suitable for the deep 
repository. However, the sealing of very narrow fractures (the aperture of some tens of 
microns) under high groundwater pressure using cementitious grouts is a very a difﬁ cult 
task. Based on experiences obtained from Nordic tunnelling projects (Sievänen & Hagros 
2002, Bäckblom 2002, Statens Vegvesen 2001, Tolppanen & Syrjänen 2003, Riekkola et al. 
2002) the target inﬂ ow of a few litres per minute per 100 tunnel-m is a great challenge to 
Seawater
intrusion
Upconing of 
deep saline
water 
pH-plume
Drawdown of
groundwater level
Drifting of organic
and oxidizing
material 
Migration of
superficial waters into
disposal level 
Disturbances for
construction 
and operation 
Consumption of 
buffering capacity of 
fracture infillings 
Figure 2. Foreseen site-scale effects due to the water inﬂ ows (Riekkola et al. 2003).
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reach by using cementitious materials. This kind of objective requires comprehensive pre-
investigations, detailed planning, advanced grouts and grouting techniques. The target 
inﬂ ow for the ONKALO and the deep repository is around this order of magnitude.
Investigations
Investigations made in tens of core drilled boreholes have produced a lot of information 
about the bedrock and the hydrogeological conditions in the area. Posiva uses very detailed 
and advanced geological, hydrogeological and chemical investigation methodology. Posiva 
has for example developed a ﬂ ow logging tool to observe and measure very small ﬂ ow even 
in single fractures (Öhberg & Rouhiainen 2000).
Based on the results of these investigations bedrock has been modelled (Figure 3) and 
the major fracture zones have been identiﬁ ed. ONKALO has been located according the 
best possible understanding of the area.
Water inﬂ ow 
Based on the detailed hydrogeological data gathered at Olkiluoto, the water inﬂ ow into 
ONKALO and the deep repository were calculated (Sievänen 2003, Riekkola et al. 2003). 
First the distribution of the hydraulic conductivity in boreholes and the average distances 
between hydraulically conductive zones were studied. The hydraulic conductivity is the 
highest at the depths of 0 – 100 m and the lowest at the depths of – 400 – 500 m. The average 
distance of water conductive zones is about 10 m in the upper part of the bedrock and 
several tens of metres in the repository level. Also the hydrological properties of the major 
fracture zones have been characterised. The calculations were based on the distribution of 
hydraulic conductivity and they were made using analytical methods which are widely 
used in tunnelling projects (e.g., Vägverket 1993, Dalmalm 2001). 
Assuming a theoretical situation with no sealing, the calculative average inﬂ ow from 
“intact rock mass” (e.g., averagely fractured rock, no fracture zones) would be 1 – 16 litres 
per minute per 100 m of tunnel depending strongly on the depth (Sievänen 2003). The 
tunnels will intersect many local fracture zones, although the major regional zones are 
avoided in the location of the tunnel. About 80% of the inﬂ ows were calculated to ﬂ ow 
from these zones (Riekkola et al. 2003). The total inﬂ ow into ONKALO without grouting 
Figure 3. Latest 3D bedrock model of Olkiluoto (version 2003/1, Vaittinen et al. 2003).
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could be even some thousands of litres per minute. However, this can be regarded more or 
less conservative because of the type of input data and calculation methods. The numerical 
calculations by Vieno et al. (2003) resulted in slightly over one thousand litres per minute 
in total if assuming no sealing measures. They explained the deviation with the difference 
of key input data. According to Cesano (1999) uncertainties of about one or two orders of 
magnitude are possible in analytical and numerical calculations. However, this can never 
be veriﬁ ed because sealing measures (pre-grouting before excavating and other if needed) 
have to be done in order to minimise the disturbances. 
Thus the situation after grouting is more interesting. The result depends on grouting 
result, which is impossible to estimate exactly beforehand. The grouting result depends on 
many factors: the geological and hydrological properties of the bedrock, the quality of the 
understanding of the bedrock to be grouted, the properties of the grout, grouting design, 
grouting methods, the damage caused by excavation work, the quality of the grouting work 
etc. This means that the estimations are always trendsetting, whether they are based on 
analytical methods or on advanced numerical simulations. 
Riekkola et al. (2003) calculated that the inﬂ ow into the whole ONKALO would be about 
460 l/min after grouting. About 60% of the total inﬂ ow would come from fracture zones. 
They assumed in their calculations the hydraulic conductivity of the grouted zone to be 
similar to the experiences obtained from the ordinary tunnelling projects. The general 
opinion is that reasonably achievable hydraulic conductivity of the grouted zone (about 20 
m) is about 1E-8 m/s by using cementitious grouts. Somewhat tighter values, even 1E-9 m/
s, are possible to reach, but it may require much effort put on the design work, grouting 
materials and grouting work. The general opinion is that the higher the original hydraulic 
conductivity is, the better sealing result is possible to get. The explanation for this is simple: 
the more open and water conductive the fractures are, the easier it is for a grout to pene-
trate them. Naturally, fracture and inﬁ lls and the roughness of the fracture surfaces have 
an effect on this. 
Vieno et al. (2003) calculated numerically the inﬂ ows after grouting assuming different 
grouting results. In the most extreme case, “tightly grouted” tunnel, the total inﬂ ow into 
ONKALO would be 19 l/min, but this target was considered too optimistic.
Grouting preconditions 
The achievable sealing result is depending on many factors as described above. Sievänen 
(2003) evaluated the grouting conditions at Olkiluoto. The data used in this evaluation 
were the measured hydraulic conductivities in boreholes, fracture apertures and frequen-
cies mapped in cores, and average distances between hydraulically conductive sections 
analysed from borehole results. 
In the uppermost part of the bedrock, most of the tunnel has to be grouted. The frac-
ture properties do not indicate particular problems compared to the customised grouting 
since fractures are often open and apertures relatively large. However, to gain inﬂ ow rates 
low enough, careful design and grouting work is needed. Deeper in the bedrock the frac-
ture apertures are very small, fracturing is sparse and hydrostatic pressure is high. These 
factors form great challenges for the grouting work. To get these water conductive fractures 
sealed by grouting and trying to keep the amount of used grout at reasonable level in order 
to avoid chemical disturbances, it is necessary to carry out adequate pre-investigations and 
advanced design, and to acquire sufﬁ cient knowledge about the material properties. 
The total length of ONKALO tunnels to be grouted was estimated to be about 50%. 
The need for grouting diminishes as the tunnel work proceeds (Riekkola et al. 2003).
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Question by Niini, Finland
It is of course important to grout the conductive fractures, but don’t the many vertical drillholes themselves 
form a still more dangerous hydraulically conductive system (together with the more horizontal fractures)? 
Will the holes be eventually plugged with the same grouting materials?
Reply by Riekkola (supplemented by Äikäs at coffee break), Finland
A good question! The problem is planned to be settled by constructing several special plugs in addition to the 
cement grouting and rock and mineral ﬁ lling materials. Intensiﬁ ed research and development work of suitable 
plugging solutions for the holes as well as for the shafts and tunnel openings is going on.
Questions by Olofsson, Sweden, and Leveinen, Finland
Concerning the deep salt water, will the conditions and the ﬂ ow change during the long construction period, 
and how does the layout of ONKALO affect the stability of the conditions?
Reply by Riekkola, Finland
I am not a correct person to answer these questions, but they certainly belong to the main issues that will be 
studied with the aid of the rock characterisation facility ONKALO. The ONKALO layout is not intended to be 
too ﬁ xed but it will certainly be ﬂ exibly modiﬁ ed according to new detailed information to be found out during 
the project.
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Simulation of hydraulic disturbances 
caused by the underground rock characterisation 
facility in Olkiluoto, Finland
Abstract
Spent fuel from the Finnish nuclear power plants will be disposed of in a repository to be 
excavated in crystalline bedrock at a depth of 400-700 metres in Olkiluoto. The extensive 
site investigations carried out since the early 1980’s will next focus on the construction of 
an underground rock characterisation facility (ONKALO) in 2004-2010. 
The open tunnel system will constitute a major hydraulic disturbance for the site’s 
groundwater conditions for hundreds of years. Especially, inﬂ ow of groundwater into the 
tunnels results in a drawdown of groundwater table and upcoming of deep saline ground-
water, which the present study aimed to assess by means of a 3D ﬁ nite element simula-
tion.
The modelled bedrock volume, which horizontally covered the whole Olkiluoto 
island, was conceptually divided into hydraulic units, planar fracture zones and sparsely 
fractured rock between the zones, which were both separately treated as porous media. The 
geometry of the fracture zones was based on the geological bedrock model.
Simulations showed that without engineering measures (e.g. grouting) taken to limit 
inﬂ ow of groundwater into the open tunnels, the hydraulic disturbances could be drastic. 
The tunnels draw groundwater from all directions in the bedrock. A major part of inﬂ ow 
comes from the well-conductive subhorizontal fracture zones intersected by the access 
tunnel and the shaft. The simulations show that the resulting drawdown of groundwater 
table may be from tens to hundreds of metres and the depressed area may extend over 
the area of the island.  The results also indicate that the salinity of groundwater is gradu-
ally rising around and below the tunnel system, and locally concentration (TDS) may rise 
rather high in the vicinity of the tunnels. However, the disturbances can signiﬁ cantly be 
reduced by the grouting of rock. 
The article has been published earlier in 2nd International Symposium on Dynamics of Fluids in Fractured 
Rock, Berkeley, California, February 10-12. 2004.
Keywords: nuclear waste, geological disposal, hydrogeological modelling
Figure 1. Eurajoki, Finland.
Figure 2. The Olkiluoto site 
in Eurajoki, Finland.
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Background
Spent fuel from the Finnish nuclear power plants will be disposed of in a repository to be 
excavated in crystalline bedrock at a depth of 400-700 metres. Based on the extensive site 
investigations carried out since the early 1980’s Olkiluoto in Eurajoki, Finland (Figures 1 
and 2) has been chosen to be the site for the ﬁ nal disposal facility and subject of the further 
detailed characterisation, which next will focus on the construction of an underground rock 
characterisation facility (ONKALO) in 2004-2010. The facility will consist of a system of explor-
atory tunnels extending to a depth of about 500 metres and accessed by a downward spiral-
ling tunnel and a vertical shaft (Figure 4). The total underground volume of the facility will 
be approx. 330000 m3 and the combined length of tunnels and shaft approx. 8500 metres. 
Inﬂ ow of groundwater into the open tunnel system will constitute a major hydraulic distur-
bance for the site’s groundwater conditions (e.g. drawdown of groundwater table and 
intrusion of surface water containing oxygen and carbon dioxide deep into the bedrock) for 
hundreds of years. Especially, upconing of deep saline groundwater (saline water has been 
observed not only deep in the bedrock but also relatively close to the surface in Olkiluoto) 
is a major concern from a point of view of the performance of the tunnel backﬁ ll after the 
closure of the tunnels.
Figure 3. A conceptual fracture zone geometry for the bedrock of 
the Olkiluoto site (41 planar zones).
Figure 4. A close-up of the tunnel layout and some of the nearby 
fracture zones.
Figure 5. Finite element mesh. Triangular elements added on 
the faces of the tetrahedra for the fracture zones (tetrahedra 
for the sparsely fractured rock between the zones not shown in 
the ﬁ gure).
Figure 6. Finite element mesh. A close-up of the tunnels (a set of 
blue nodes) and some of the nearby fracture zones.
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Modelling hydraulic disturbances
The present study aimed to assess three phenomena: the inﬂ ow of the groundwater into 
the open ONKALO tunnel system, the resulting drawdown of groundwater table, and 
effects of the inﬂ ow on the salinity the distribution (upconing of deep saline groundwater) 
by means of a ﬁ nite element simulation.
The size of the modelled bedrock volume was about 6.3 km x 4.3 km horizontally and 
1.5 km vertically and it covered the whole Olkiluoto island. The modelled volume was 
conceptually divided into hydraulic units (planar fracture zones and sparsely fractured 
rock between the zones) for which the equivalent-continuum model was applied sepa-
rately. The geometry of the fracture zones (Figures 3 and 4) was based on the latest geolog-
ical bedrock model of the site. It contained 41 fracture zones, all of which were modelled 
explicitly (Figures 5 and 6). 
The three phenomena were analysed separately by using somewhat different model-
ling approaches and assumptions. As the open tunnels constitute a very strong sink in the 
host rock the effect of groundwater salinity on the ﬂ ow was considered to be negligible in 
the vicinity of the tunnels and thus the inﬂ ow of water was computed assuming fresh water 
and steady state conditions to prevail.
The drawdown of the groundwater table was simulated employing a free surface 
approach, in which only the saturated part is included in the modelled volume and the 
transiently sinking water table constitutes the free surface, an irregular and time-dependent 
top of the modelled volume. The modelling approach is based on determining the shape of 
the evolution of the saturated zone in time with the implicit scheme by Huyakorn & Pinder 
(1983), which involves two phases at each time step: a meshing phase and a ﬁ nite element anal-
ysis phase. The ﬁ nite element program package FEFTRA (2003) has recently been comple-
mented with an adaptive and automatic mesh generator octree, which enables an efﬁ cient 
creation of a new mesh according to the free surface for each time step. The salinity does 
not affect signiﬁ cantly the drawdown of groundwater table and was thus neglected in 
the simulation of drawdown as well. The evolution of salinity distribution was simulated 
employing a coupled (ﬂ ow and salt transport) and transient model. As it is computa tionally 
a very demanding task to combine the drawdown of groundwater table and the coupled 
ﬂ ow and transport into the same truly transient simulation, the drawdown was ignored 
when simulating the evolution of salinity. The whole tunnel system was made hydrauli-
cally active at the beginning of the simulation and was assumed to be open for hundred 
years. Both inﬂ ow and upconing phenomena were modelled within a rectangular and 
static volume.
Figure 7. Darcy velocity at the vertical northwest-southeast cross-section at 50 
years after the opening of the tunnels (ungrouted tunnels).
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Results
Simulations show that without engineering measures (e.g. grouting) taken to limit the 
inﬂ ow of the groundwater into the open tunnels, the hydraulic disturbances could be 
drastic. The tunnels draw groundwater from all directions in the bedrock (Figure 7). A 
major part of inﬂ ow, which could be as high as 1100 l/min, comes from the well-conduc-
tive sub horizontal fracture zones intersected by the access tunnel and the shaft. The simu-
lations show that the resulting drawdown of groundwater table might sink to a depth of 
about 300 metres and the depressed area extend over about 2.5 km2 (Figures 8-10).  The 
results also indicate that the salinity of groundwater is gradually rising around and below 
the tunnel system, and locally concentration (TDS) may rise up to 50-55 g/l in the vicinity 
of the tunnels (Figures 12-14). Transport of salt was enhanced by the relatively low ﬂ ow 
porosity (10-4 in the sparsely fractured rock and 10-3 in the fracture zones) and by the negli-
gence of the effects of matrix diffusion in the simulations.
The disturbances can signiﬁ cantly be reduced by grouting of the rock. In a case of a 
very tightly grouted tunnels, where the total inﬂ ow rate was only 19 l/min, the simulations 
showed clearly lesser disturbances. Drawdown of groundwater table was at most about 30 
metres and the depression area remained in the immediate vicinity of the accesses of the 
tunnels (Figure 11). The upconing of saline water decreases as well, although the maximum 
calculated salinity of groundwater in the vicinity of the tunnels at the depth of 500 metres 
was still 40-45 g/l. 
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Figure 8. The drawdown of groundwater table 
(ungrouted tunnels) and its extension over the 
Olkiluoto island.
Figure 9. The drawdown of groundwater table (ungrouted 
tunnels). A close-up of the tunnels and some of the nearby 
fracture zones.
Figure 10. Drawdown at the lowermost point as 
a function of time (ungrouted tunnels).
Figure 11. The drawdown of groundwater table (grouted 
tunnels). A close-up of the tunnels and some of the nearby 
fracture zones.
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95The Finnish Environment 790
Figure 12. Salinity of groundwater at the vertical northwest-southeast cross-section after the opening 
of the tunnels (ungrouted tunnels).
Figure 14. Salinity of groundwater at the horizontal cross-section at a depth of 600 meters after the 
opening of the tunnels (ungrouted tunnels).
Figure 13. Salinity of groundwater at the horizontal cross-section at a depth of 500 meters after the 
opening of the tunnels (ungrouted tunnels).
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Oral presentation during the ﬁ eld trip to Olkiluoto
Water supply of the Helsinki metropolitan area 
along an unlined hardrock tunnel
About 15 km from Helsinki the highway crosses a great fracture zone stretching from the 
City of Lahti in NE to the Porkkala coast in SE and extending under the Gulf of Finland. 
As for hardrock hydrogeology, this fracture zone is highly interesting because the water 
supply tunnel of the Helsinki metropolitan area has been directed through it.
The fracture zone is seen as a wide topographic depression in the terrain, and while 
descending to the bottom of this depression a great road cut is seen that well represents 
the severely fractured rock of the marginal zone of this large fracture. The rocks comprise 
granite and various migmatites; their dominant brownish colour indicates that they are also 
chemically weathered. In the central zone of the fracture, about 50 to 100 m wide (presently 
covered by a 10 – 50 m thick soil overburden), the rock has been crushed and disintegrated 
to loose macadam- and till-like material containing clay minerals, so-called gouge.
When the water-supply tunnel was planned and constructed, the fracture zone 
(together with other, minor fractures) formed a serious problem owing to its high mechan-
ical instability and hydraulic conductivity. Extensive ﬁ eld studies were carried out to ﬁ nd 
a suitable route for the tunnel where the fracturing and weathering effects would be as 
slight as possible.
The tunnel was originally planned and located by the author during the 60’s on 
the basis of extensive geological mapping, geophysical sounding, and rock drilling (Niini 
1968a). I had also done my doctoral thesis about the rock fracturing important for the 
general planning of the tunnel (Niini 1968b). The length of the tunnel is 120 km, and it is still 
the world’s longest mainly unlined hardrock tunnel. However, due to the weakness zones, 
about 1/6 of  the length of the tunnel had to be grouted or more effectively reinforced. 
During the construction, totally 15 per cent of the length was factually reinforced. My 
suggestion was originally slightly higher. My studies of rock instabilities anyway implied 
(documented in the general plan of the tunnel, Niini 1968a) the possibility of cave-ins after 
some decades. Accordingly, a couple of minor cave-ins took place in the 90’s. Then, a sector 
of the tunnel was emptied, and additional grouting and reinforcement were carried out 
(Mikkola & Viitala 1999).
The tunnel had to be made, due to the very serious lack of water in the Helsinki area 
until the end of the 70’s, when adequate quantities of reasonable-quality groundwater  or 
river water no longer were available. The tunnel was constructed in 1973 – 1982, and it 
has 24 inclined adit tunnels with an average distance of 5 km. The tunnel starts from Lake 
Päijänne in the North and conveys lake water to Helsinki, where the water of course needs 
some puriﬁ cation. The ﬂ ow is caused by a natural hydraulic head of about 38 m. 
Depending of the consumption of water, the hydraulic pressure in the unlined tunnel 
varies, but due to the present low consumption the corresponding slow ﬂ ow only slightly 
lowers the head. Thus, in the middle of the length, a power station has been built that 
produces energy from the superﬂ uous head. If the consumption, now about 4 – 6 m3/s,
some time in the future will rise considerably, the power station can easily be transformed 
to a pumping station, and then the capacity could be raised up to 20 m3/s.
Accordingly, the tunnel (about 50 – 100 m below ground surface) is a pressure tunnel 
full of water. In valleys and tunnel sectors where the unconﬁ ned groundwater table is close 
to the pressure line the tunnel water can leak outwards causing some quantitative loss, 
whereas under hills and sectors where the groundwater table is clearly above the pressure 
line the groundwater, and possible surﬁ cial pollutants, may ﬂ ow into the tunnel. Such ﬂ ows 
are naturally prone to take place through the fracture zones and open joints of the bedrock. 
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Therefore, a comprehensive detailed risk evaluation of possible sources of pollution and 
critical contaminant pathways was recently carried out (Lipponen 2001). 
After this description of the water-supply problems of the Helsinki metropolitan area, the 
speaker showed the four reference publications with their pictures and diagrammes of 
fracture zones and weathered rocks. Then he left the publications to circulate among the 
participants together with a couple of geological maps representing the areas passed and 
explained. The referred publications are here listed as follows:
A. Lipponen 2001. Environmental geology of the Päijänne Tunnel and environmental risks (in 
Finnish), 95 pages. The Finnish Environment 525.
J. Mikkola & R. Viitala 1999. Cave-ins and reinforcement in long water tunnels (in Finnish), 102 
pages and 5 appendices. Helsinki City Geotechnical Department Vol. 80, Project 6579.
H. Niini 1968a. The studies for the Päijänne–Helsinki water-supply tunnel (in Finnish), 28 
pages with 4 appendices. National Board of Public Roads and Waterworks, Helsinki & 
Papers Engineerig-Geol. Soc. Finland 2: 20.
 H. Niini 1968b. A study of rock fracturing in valleys of Precambrian bedrock, 60 pages. Fennia 
97: 6 & Papers Engineering-Geol. Soc. Finland 3: 26.
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Timo Äikäs
Posiva Oy, Olkiluoto, Finland
Oral presentation during the ﬁ eld trip to Olkiluoto
Posiva’s R & D programmes on deep geological disposal 
of spent nuclear fuel
Four nuclear reactors are presently operating in Finland. Two units are situated at the 
Loviisa power plant site on the southern coast of Finland, owned by Fortum Power and 
Heat Oy. The other two units are located at Olkiluoto island on the western coast, owned 
by Teollisuuden Voima Oy. The building of a new 5th unit is presently being initiated at 
Olkiluoto. The two power companies have established a joint company, Posiva Oy, to take 
care of the geological disposal of the spent nuclear fuel in Finland.
The concept of the geological disposal of nuclear wastes follows a so-called multi-
barrier principle, according to the examples of KBS3 from Sweden. The repositories for 
medium- and low-level radioactive wastes have already been built, one at Loviisa and one 
at Olkiluoto.
The on-going characterisation aims at conﬁ rming the site properties for spent fuel 
disposal. An extensive research programme with emphasis on hydrogeological and hydro-
geochemical investigations and evaluation is needed in developing the disposal system and 
assessing its safety. A ﬁ eld tour to the drilling sites, and on two observation and measuring 
stations, were incorporated  in the participants’ programme.
The scheduled timetable for the start of the deep geological disposal of spent fuel is 
the year 2020 for the current reactors. The four power plants have already operated for 
more than 20 years and the long enough  cooling time of the spent fuel enables the disposal 
at the planned time. The ﬁ fth powerplant unit is intended to start the power generation 
in 2009, and its spent-fuel disposal into the bedrock repository should be commissioned 
after 2060.
Before the construction of the spent fuel repository (on an approximate depth of 
half a kilometre, a test facility called ONKALO is being built. ONKALO comprises a spiral 
ramp (inclined access tunnel) and a research tunnel at -420 m level. The layout of the ﬁ rst 
phases of the repository will be designed on the basis of the information gained from 
ONKALO. Posiva´s aim is that ONKALO will later serve as the access route to the reposi-
tory. Altogether, more than 330,000 m3 rock will be excavated for ONKALO.
The long term safety of the disposal concept is based on the engineered barrier system 
(EBS) and on the bedrock as a natural barrier. These consist of metallic (steel and copper) 
containers, a very tight bentonite-clay buffer material around the canisters, and backﬁ lling 
materials to eventually plug or seal all the tunnels and transport shafts.
The expected function of the geological barrier is affected by groundwater in the frac-
tures. The role of the natural barrier is to mitigate the possible releases from the engineered 
barrier system to the groundwater. For this purpose the host rock of the repository tunnels 
should be hydraulically as tight as possible. Special methods and instruments have been 
developed to measure and control various groundwater parameters, such as hydraulic 
head, temperature, pH, redox, salinity, as well as other chemical concentrations and gradi-
ents (down to depth zones of the 1000-m level). In addition, important groundwater prop-
erties or phenomena that may affect repository planning are, among others, microbes, 
colloids and dissolved gases, which are being studied both from samples and in-situ. 
Question by Olofsson, Sweden
How will the wastes from Loviisa Power Plant be transported to Olkiluoto?
Reply by Äikäs, Finland
Possible solutions comprise road, railway, and sea transportation. The current reference is the transport by 
road. The decision on the method is needed closer to 2020.
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Question by Krásný, Czech Republic
Why did you choose Olkiluoto as the ﬁ nal site for spent fuel repository?
Reply by Äikäs, Finland
The selection process was long and comprehensive. First, on the basis of a geological evaluation of whole 
Finland, six candidate sites were chosen, among them Olkiluoto powerplant site. Finally, during and after delib-
erate site investigations, the most decicive criteria were the technical and social (infrastructural) safety factors.
Question by Olofsson, Sweden
Why did you choose the depth of 500 m for the ﬁ nal repository?
Reply by Äikäs, Finland
For the technical and economic reasons it should be preferable to locate the repository as shallow as possible. 
On the other hand the repository should be at such a depth that can be beyond the reach of near- surface 
processes and an adverse human intrusion. The thermal impact of the repository have to be also counted for. 
The rock- mechanical site-speciﬁ c conditions and the groundwater conditions have given the reason that the 
depth of the test facilities (ONKALO) should be at least 400 m.
Question by Voronov, Russia
What about the mineralisation or salt precipitation?
Reply by Äikäs, Finland
In connection with recent glaciations during the Quaternary, groundwater level has sunk and risen many times 
without any signiﬁ cant salt precipitation. The groundwater of Olkiluoto is more saline towards the depth. The 
layering of water can be observed closer to surface (down to 300 m) due to the phases of the Baltic Sea. At 
greater depths the salinity increases and is as high as 80 g/l. This has to be accounted for in the development 
of the concept and the design of the repository.
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behaviour of deep groundwaters
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Oral presentation by Professor Arkady Voronov: Radon in groundwater in magmatic 
rocks
Oral presentation by Ms. Ekaterina Viventsova: The interaction of seawater and ﬁ ssured 
water of the basement of the Gulf of Finland basin
Oral presentation by Dr. Ari Luukkonen: Approaches to lifetime estimations of natural 
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 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . The Finnish Environment 790102
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103The Finnish Environment 790
Abstract
One of the speciﬁ cs of groundwater in magmatic rocks is a high level of radioactive compo-
nents, such as radon and radium. First of all, radon has a negative inﬂ uence on human 
health and leads to ecological and geological problems for territories with high levels of 
radon in groundwater. Radon-rich water has the highest therapeutic effect among curative 
mineral waters. Radon water is widespread in the world and is used in spas and sanato-
riums very actively. Thirdly, radon is a very informative indicator of hydrogeological and 
geological processes.
The Baltic Shield is the region with a high level of radon concentration. In Russia, the 
ﬁ ssured water of the Baltic Shield is spread in Karelia, Murmansk and St.Petersburg region. 
Many of samples contain high levels of radon (200 Bq/l), sometimes more than 1700 Bq/l. 
Water from uranium-rich rock with maximum concentration of radon, e.g. uranium-rich 
granites and pegmatite, commonly have radon concentrations in excess of 500 Bq/l. The 
same situation as in Karelia can also be observed in Finland.
Thus, the geochemical properties of ﬁ ssured groundwater and their isotopic composi-
tion could be useful identiﬁ cator to research the process of forming groundwater resources 
and to analyze the time of water circulation.
Keywords: hydrogeology, groundwater, uranium, thorium, isotopes, disequilibrium
Radon is a signiﬁ cant component of groundwater. First of all, radon has a negative inﬂ u-
ence on human health and leads to ecological and geological problems for territories with 
high levels of radon in groundwater. Beside it, radon-rich water has the highest therapeutic 
effect among curative mineral waters. Thirdly, radon is a very informatively indicator of 
hygrogeological and geological processes. Radon-rich water is widespread in the world. 
Often it is used in health resorts and sanatoriums very actively.
Radon was discovered about 100 years ago in 1899. Radon is a natural radioactive 
gas that has no taste, smell or color. Radon-222 is one of the heaviest elements in the zero 
group of inert gases. There are three isotopes of radon – actinon, toron and radon. All radon 
isotopes are α-emitters while the transformation of its decay products are accompanied by 
the emission of α- or β-particles. The half-life of radon-222 is only 3.8 days. The main prod-
ucts of radon decay are short-living isotopes of Po, Pb, Bi, Tl. Belonging to the uranium and 
thorium decay chain, radon isotopes form directly during the decay of radium isotopes. 
Uranium is the ﬁ rst element in a long series of decay that produces radium and radon. 
Uranium is referred to as the parent element, and radon and radium as daughter elements. 
Radium and radon also form other daughter elements as they decay.
Radon is highly soluble in water: 500 ml of radon dissolves in one litre of water at the 
temperature 0o C. The dissolution of radon in water increases at lower temperatures and at 
higher concentration of other salts. Radon is 7.6 times heavier than air, and for this reason, 
radon collects in the basement of buildings. The process by which radon escapes from the 
mineral grains of rocks is called “emanation”. Emanation depends on several factors such 
as temperature, density and the mineral composition of rocks.
Radioactivity is commonly measured as picocuries (pCi), named after the French 
physicist Marie Curie, who was a pioneer in the research of radioactive elements and their 
Arkadij N.Voronov & Ekaterina A. Viventsova
St. Petersburg State University, St. Petersburg, Russia
Radon in groundwater in magmatic rocks
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decay. One pCi is equal to a decay of about two radioactive atoms per minute. Another unit 
is Becquerel (System SI). One Becquerel is equal to one disintegration per second.
The main sources of radon in groundwater are rocks. All rocks contain some uranium, 
although most of them contain very small amount of U varying between one and three 
parts per million (ppm). Some types of rocks have uranium contents higher than average. 
They are felsic volcanic rocks, granites, and dark shales, sedimentary rocks that contain 
phosphate and metamorphic rocks derived from these rocks. Such rocks and their soils 
may contain as much as 100 ppm of uranium. Other sources of radon in groundwater are 
secondary deposits of radium salts.
Radon concentrations in ﬁ ssured  water are high. Water from uranium-rich rock, e.g. 
uranium-rich granites and pegmatities commonly have radon concentrations in excess of 
500 Bq/l, with maximum concentrations of 20 000 – 60 000 Bq/l. Groundwater from ﬁ ssures 
of basic magmatic rocks has considerably lower radon concentrations. Fissure ground-
water from limestone, sandstone, and shale has a normal radon concentration of 50 – 150 
Bq/l. Sometimes water has higher radon concentration. Groundwater in the upper hydro-
dynamic zone and soil layers generally has radon concentration that is not higher than 50 
Bq/l. (Akerblom & Lindgren, 1997.)
This conclusion can be applied, of course, only to aquifers in which radon originated. 
Groundwater ﬂ ow from one aquifer to another and contact between groundwater and 
rocks with high concentrations of uranium and radium complicates radon distribution. 
Another source of radon-rich water is the build up of radium-rich material on the surface 
of cracks and ﬁ ssures from which radon emanates directly into water through cracks.
The radon concentration in surface water may be as low as 2 Bq/l, mainly because 
radon has time to decay. Different concentrations of radon in water are due to different 
geological and hydrogeological conditions.
Some places in the world have exceptionally high concentrations of radon, such as, 
Brazil, India, Iran, and Canada. There are many springs with high levels of radon in Iran. In 
Scandinavia, there are high regional levels of radon. USA and Russia possess many zones 
with radon-rich groundwater. Because of different geological conditions, countries have 
different maximum allowable concentrations of radon in water for public and domestic 
water supplies.
In Russia “Norms of radioactive safety”, (NRS 1999) established a maximum allow-
able concentration for radon of 60 Bq/l. Previously, the maximum allowable concentration 
of radon in water for public water supply was 120 Bq/l.
Northwest region, which is located on the northern boundary of the Archean Russian 
platform has a some risk zones, which are connected with the occurrence of radon-rich 
groundwater. Our department is provided with unique equipment for studying the concen-
tration of radon and radium in different places of Leningrad oblast and Karelia  Republic 
(Voronov, 1997).
One of the study locations is the northern part of the Karelian Isthmus on the border 
with Finland. There are crystalline rocks with high concentration of radioactive elements in 
the vicinity of the ground surface. We have a good example in the study of radon in Finland. 
There is a similar situation on the neighbor region in Russia. The highest level of radon is in 
magmatic groundwater connected with granite rocks in Vyborg area. Another dangerous 
district is situated in the Karelian Isthmus, where Gdov aquifer is used for watersupply 
purposes. The average concentration of radon in Gdov aquifer is 60 Bq/l. It is possible that 
radioactive elements come form the magmatic rocks, underlying the aquifer. The third 
area, with high radon concentration extends along the Karelian Republic. There are a 
lot of places where groundwater has a high level of radon concentration. One of them is 
Impilahti on the beach of the Ladoga Lake. Another example is a groundwater deposit near 
Kostomukcha. Groundwater connected with Quaternary and magmatic Archean rocks has 
a radon concentration of 2000 – 5000 Bq/l. The concentrtion of uranium in Archean rocks is 
10 g/t, thorium - 243 g/t, which gives a possibility to build a radon spa.
Radon in water may be a health risk, due to the inhalation of the radon gas released 
from water and the ingestion of water. When radon-rich water is used, up to 90% of the 
radon escapes into the air. The more water is vaporized, processed or heated the greater 
the release. In air, radon gas decays into its progeny, which is inhaled and whose radiation 
may cause lung cancer.
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When radon-rich water is ingested, a dose of radiation impacts the digestive system from 
the radon gas and its progeny. The radon decays in the body and the continued decays of 
radon’s short and long-lived progeny, impart radiation to the various organs of the body, 
with the greatest risk associated with the ingestion of water containing radon. Radon and 
radon progeny are considered to cause stomach-colon cancer and other organ cancers. 
Radon is also suspected as a cause of leukemia.
A large doze of radiation may not always prove fatal. It depends on individual pecu-
liarity of human organism and complex genetic and environmental factors. Some conse-
quences appear only after many years, sometimes only in later generations.
At the same time the radon irradiation may be beneﬁ cial for human health. This is 
supported by the long history of the use of radon-rich water in balneology. Short-time 
radiation treatment may mobilize the protective strength of human organism. (Voronov, 
2004).
The radon concentration in hardrock groundwater is a function of:
1. Concentration of uranium and thorium in rocks
2. Coefﬁ cient of emanation
3. Porosity
4. Rate of groundwater ﬂ ow
5. Length of migration
So, if we know all parameters except the last one, we can estimate the way of migration of 
groundwater.
The studying of radon in magmatic rock can give a lot of useful information and 
present a good possibility for international cooperation. The most interesting ﬁ eld of 
possible international cooperation is the use of radon and other noble gases for the solu-
tion of the problems of hydrogeology, especially environmental hydrogeology and hard 
rock hydrogeology.
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Question by Krásný, Czech Republic
It seems that your results concerning Rn concentration and its causes differ from those of Mrs. Skeppström we 
heard on Monday.
Comment and question by Skeppström, Sweden
It is possible because many affecting conditions may be quite different. How many areas there are in Russia 
where radon concentrations are very high?
Reply by Voronov, Russia
Their number is about 25. One reason for the differing results is that the water movements, ordinarily directed 
downwards, may in certain conditions be directed quite differently, even upwards.
Question by Blomqvist, Finland
In Finland, the radioactivity studies and control are mainly taken care of by a special authority, Radiation and 
Nuclear Safety Authority Finland (STUK). Which organisation takes care of these studies in Russia?
Reply by Voronov, Russia
The Radioactivity Institute. It is also responsible for the study of other radioactive elements and materials. My 
organisation, the Hydrogeology Department of Saint-Petersburg State University, Geology Faculty, is involved in 
the hydrogeological problems only. We have more than 1000 sampling sites under investigation.
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The interaction of seawater and ﬁ ssured water 
of the basement of the Gulf of Finland basin
Ekaterina A. Viventsova & Arkadij N. Voronov
St. Petersburg State University, St. Petersburg, Russia
Abstract
In the northern part of the basement of the Gulf of Finland there is groundwater discharge 
into the sea. The upper part of the basement rocks contain ﬁ ssured water. The Precambrian 
crystalline basement is near the surface only in the northern part of the Karelian Isthmus, 
dipping steadily southwards to reach a depth of hundreds of meters below surface.
Southwards it is the formation, which contains the Gdov aquifer. That is Vendian 
sandstone 150-meter thick rests on the irregular surface of the crystalline basement. The 
Gdov aquifer is very well protected against surface contamination by the overlying thick 
Kotlin clay. This horizon is widely spread under aquatory of the Gulf of Finland. The 
Gdov aquifer is used for supply purposes and as a source of drinking water. The horizon 
extends in 100 – 150 meters deep before sinking southwards to greater depth where is 
under hydraulic relation with ﬁ ssured water.
The hydraulic relation between Gdov aquifer and seawater is possible, there is high 
level of Gdov aquifer. Thus, all of the facts conﬁ rm the possibility of groundwater and 
seawater interaction, which is reﬂ ected into the chemical composition of seawater and 
marine sediments.
Unfortunately, the interaction between seawater and groundwater, the groundwater 
discharge into the sea have not been taken into account while is analyzing the quality of 
the Baltic environment.
Keywords: ﬁ ssured water, groundwater discharge, contaminated groundwater
Introduction
In the Northern part of the basement of the Gulf of Finland hardrock groundwater is 
discharging into the sea. The upper part of the basement rocks contain ﬁ ssured water. The 
crystalline basement (Ar-Pr age) is near the surface only in the Northern part of Karelian 
Isthmus and Finland, dipping steadily southwards to reach a depth of hundreds of meters 
below surface.
Groundwater is essential part of the sea water balance. Groundwater and seawater 
interaction contributes to form geochemical barrier; thus the groundwater quality and 
living conditions of biota are changing.
In spite of great importance of groundwater discharge into the seas and oceans, 
it is insufﬁ ciently known aspect. Especially, the level of groundwater contamination is 
needed to be investigated, but the great value of the surface water contamination deals 
with groundwater discharge.
During last years the authors have being investigated the level of groundwater 
contamination, groundwater discharge into the Gulf of Finland of the Baltic Sea. The inves-
tigation allowed estimating the input and value of groundwater discharge into the sea and 
coastal zone environment.
The Gulf of Finland lies in the eastern part of the Baltic Sea. The surface area is 29700 
km2 and the average depth of the basin is 38 m. The countries of Finland, Russia and Estonia 
are located along the coastal area of the Gulf of Finland. The main rivers of the basins are: 
Neva, Luga, Narva, Plussa, there is also many springs entering the coastal waters.
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Geological setting
The Gulf of Finland is on the junction of two major geological basement structures - the 
Baltic Shield and the Russian Platform. Overlying these basement structures are sedimen-
tary rocks ranging in age from Vendian to Quaternary. The Precambrian crystalline base-
ment in nears the surface only in the northern part of the Gulf of Finland, dipping steadily 
southwards to reach a depth of hundreds of meters below the surface.  The upper part of 
the basement rocks contains ﬁ ssured water, which is sufﬁ cient only for local water supplies. 
The discharge zone of this groundwater is North part of the Gulf. Vendian sandstone rests 
on the irregular surface of the crystalline basement. The Gdov aquifer is present in this 
formation. This aquifer is very well protected against surface contamination by overlying 
thick Kotlin clay. This horizon is widely spread in the Gulf of Finland. The Gdov aquifer is 
used for water supplies in North part of St Petersburg. The horizon is 100 to150 m depths 
before sinking southwards to greater depth.
Quaternary glacial and marine sediments cover the Paleozoic and Precambrian 
systems forming conﬁ ned and unconﬁ ned aquifers. All of Quaternary aquifers mostly 
discharge direct to the Gulf of Finland. 
Methods
The amount of groundwater discharge to the seas can be estimated by several geological 
and hydrogeological methods (Zektser, 1973). The methods are divided into two groups: 
methods based on investigation of the coastal drainage area and methods based on hydroge-
ological investigation of the estuary. The ﬁ rst group included the hydrodynamic, combined 
hydrogeological, average long-term water balance, modeling of groundwater discharge 
methods. The second group of investigations methods includes approaches using recogni-
tion and determination of different anomalies. 
The most detailed results are obtained from combined or complex methods which are 
mentioned above. Thus, the authors investigating the discharge area in the Gulf of Finland 
and Ladoga Lake used several of the methods: investigation of the chemical and thermal 
anomalies of seawater, water conductivity investigation, etc.
Coastal area of the Gulf of Finland can be divided into four zones with different 
geological, hydrogeological and discharge properties.  The ﬁ rst zone for 180 km from 
the Finnish border to the town of Primorsk. Geologically, the zone consists of basement 
rocks overlain by Quaternary cover. The most common rock types in crystalline base-
ment are acid-intermediate plutonic rocks, gneiss and migmatites. The permeability of 
the Precambrian basement almost entirely depends on its fracturing. The output of wells 
drilled into the bedrocks is generally low. Among the rocks that constitute the crystalline 
basement, the Rapakivi granites are most productive. The discharging groundwater has 
a low mineralization with an average value of about 0.2 g/l. Groundwater in urban areas 
in Primorsk and Viborg is degraded by industrial contaminants such as oil, heavy metals 
and sulphates.
The second zone extends from Primorsk to Sestroretsk (about 110 km). The ground-
water discharge in this zone is mostly from Quaternary aquifers. Some of them discharge 
along the coastal zone directly to sea.
The groundwater discharge is dispersal. Beside its several zone of concentrate 
discharge were founded. The concentrated type of discharge for example was discovered 
in the coastal zone near the Sestroretsk area and in Zelenogorsk. Here there is a probably 
concentrated discharge form burrieg valley.
Results 
Groundwater discharge to the Gulf of Finland from the Russian part of the Gulf equals 
about 1.47 km3/a. Comparative to the results of the other  project (Peltonen  2002), the 
groundwater discharge to the Gulf of Finland from Finland equals 0.38 km3/a (and all Baltic 
Sea – 4.4 km3/a).
The groundwater in the ﬁ rst zone is only 5% of total discharge from Russian part of 
the Gulf of Finland.
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Discussion
Of course, the above-mentioned results are very approximate, for instance groundwater 
ﬂ ow from alluvial deposits and burial valleys has not been taken into account. Moreover, 
discharge input of the conﬁ ned Gdov aquifer is not fully investigated. Some time in past, 
the water head of the aquifer exceeded the water level of the Baltic Sea. This fact allows 
for the assumption of possible discharge of groundwater from the aquifer into the sea 
and could explain the formation of Fe and Mn concretions on the sea bottom. At present, 
however, with considerable water intake form this aquifer, equaling 0.2 km3/a, and the level 
of artesian water occurring below approximately 80 m, it is possible to determine seawater 
intrusion to the Gdov aquifer.
Groundwater discharges to the sea large amount of different chemical compounds. 
Chemical substance discharge is determined by the value of groundwater mineralization. 
The value of total chemical substances discharged into the oceans and seas equals 1300 
million t /a and to the Baltic Sea - 507 000 t/a (Zektser 1973). For the ﬁ rst zone this amount 
equals 6 800 t/a. Because different chemical composition of seawater and groundwater the 
geochemical barrier arises. As result geochemical interaction produces bottom deposits. 
Maybe Fe-Mn concretion that very often was founded on the bottom the Gulf of Finland 
form during this process. It’s very interested to deﬁ nite how many percent of constitution 
of bottom deposit connected with groundwater discharge? We think that part of them due 
to chemical composition and contamination groundwater ﬂ ow. 
Conclusion
Of course, the amount of contamination from groundwater is smaller than the contami-
nation from surface water; however, contaminated groundwater discharge can be highly 
dangerous in local places due to the intensity of contamination in the coastal zone, which 
provokes destruction of the environmental balance.
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Additional information by Blomqvist, Finland
New observational data about the corresponding phenomena from the Finnish coast of the Gulf of Finland are 
available at the Geological Survey of Finland (Dr Henry Vallius).
Question by Olofsson, Sweden
How did you do the quantitative calculations?
Reply by Viventsova, Russia
We used the water-balance method.
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Ari Luukkonen, Petteri Pitkänen & Sami Partamies
VTT Building and Transport, Espoo, Finland
(see Vol. of Abstracts, p. 21)
Approaches to lifetime estimations of natural fracture 
mineral buffers in Olkiluoto bedrock
Question by Voronov, Russia
Why do you give such a signiﬁ cance to rainwater? It’s not groundwater!
Reply by Luukkonen, Finland
When the hydraulic gradient will rapidly become very steep due to the construction works, the down ﬂ owing 
water leaking into the tunnels essentially consists of the recharge from the rainwater, which during this period 
cannot run elsewhere.
Question by Olofsson, Sweden
Don’t minerals other than you mentioned have any inﬂ uence?
Reply by Luukkonen, Finland
We know that clay minerals may be  interesting and important, but their effects have not been dealt with in 
this study project.
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U-Th series studies as an aid to hard-rock 
groundwater modelling
Nuria Marcos1 & Juhani Suksi2
1 Helsinki University of Technology, Espoo, Finland
2 Laboratory of Radiochemistry, University of Helsinki, Helsinki, Finland
Abstract
Excavation of any underground space in hard-rock may change hydrological and hydro-
geochemical conditions in its surroundings in a non-predictable way. It is known that frac-
ture surface and adjacent rock may register information of changes in the chemistry of 
the groundwater circulating within fractures. This information may be obscured or lost as 
a result of excavation. Therefore, to predict possible modiﬁ cations in fracture ﬂ ow condi-
tions and future evolution, it is necessary to know pre-excavation evolution and present 
situation.
U-Th decay series contain radioactive elements which experience and register induced 
changes in groundwater conditions in different ways. Therefore, due to different chemistry 
and variety of half-lives, decay-series elements and their isotopes can be used to establish 
relevant time correlation for these changes, which is important in verifying pre-excavation 
groundwater ﬂ ow models. Here we present two case studies where natural decay series 
are used to demonstrate the effects of man-made and natural hydrogeochemical distur-
bances. The sites of the cases are the Palmottu U deposit in SW Finland and the Pyhäsalmi 
Cu mine in western Finland.
Keywords: hydrogeology, groundwater, uranium, thorium, isotopes, disequilibrium
Introduction
Construction of underground spaces can create new fractures and reactivate old frac-
ture zones, modifying groundwater ﬂ ow conditions. Prediction of groundwater modiﬁ ca-
tions requires knowledge of past evolution and present conditions. Prevailing conditions 
previous to excavation are usually presented in reports and ﬁ gure resultants from site char-
acterization and ﬂ ow modelling. Current groundwater ﬂ ow models are based on the struc-
tural parameters of the bedrock (fracture characterization and frequency), pumping tests 
and groundwater ﬂ ow measurements (e.g., ﬂ owmeter). From these methods, the only one 
measuring natural ﬂ ow rates is the ﬂ owmeter. However, any of these methods offer knowl-
edge neither on the evolution of the ﬂ ow system nor of changes within 
it. One way to acquire this information is to study the geochemical 
signals induced by changes during water-rock interaction. Detectable 
geochemical signals are generated as a result of mass transfer. In order 
to study changes in mass ﬂ ow we need information on time frames 
within which mass transfer has occurred. The only method which 
can provide relevant time constraints to hydrogeochemical changes 
induced either by underground excavation or natural processes is that 
32
1 Figure 1. Fractured hard rock. Blue lines indicate water-ﬂ owing fractures modelled 
from site investigations: Flow is currently hydraulically active at points 2 and 3, and 
no ﬂ ow at point. Using the natural decay series additional information is obtained: 
• fracture at point 1 was open to ﬂ ow during certain period of time.
• ﬂ ow has been active at varying rates during the last Ma at point 2.
• insigniﬁ cant ﬂ ow, if any in the fracture at point 3. 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111The Finnish Environment 790
of natural decay series disequilibrium (Rasilainen et al. 2004). Figure 1 illustrates the rela-
tionship of the information obtained in site characterization and past behaviour of frac-
tures.
In this work we present two case studies where natural decay series have been used 
to characterize fractures with respect to groundwater ﬂ ow and hydrological functionality. 
The sites are the Pyhäsalmi mine in Central Finland and Palmottu U-deposit in Western 
Uusimaa.
Basic principles in applying natural decay series
Natural decay series have been used for decades in studying various environmental mass-
ﬂ ow problems (Ivanovich and Harmon 1992; Bourdon et al. 2003). Natural decay series 
disequilibrium, which can be concluded from measured activity ratio (AR) values of decay 
series members, is caused by mobilisation of decay series members. If no natural or man-
made disturbances have occurred within the time frames comparable to the half-lives of 
decay series members, the decay series are said to be in radioactive equilibrium, i.e., the 
relationship AR between individual members equals unity (AR = 1). If, for instance, U 
has not been mobilized within the last 500 ka the Th-230/U-234 AR is unity. If U has been 
mobilized more recently this is observed as Th-230/U-234>1 when U has been removed 
from the system and as Th-230/U-234<1 when U has been added to the system, respec-
tively (Fig. 2). Similarly, the mobilisation of Ra-228 causes disequilibrium in the Th-232 
chain (Fig. 3), provided that Ra-228 has mobilised within the last 30 years, that is the time 
period within the Th-228/Th-232 disequilibrium attains equilibrium, i.e., Th-228/Th-232
AR = 1. Excavation of underground space may activate ﬂ ow, mobilising Ra-228 and trans-
porting it down-ﬂ ow where it is sorbed on fracture surfaces generating extra Th-228 there. 
If sampling is done in down-ﬂ ow no later than 30 years after the excavations, then Th-
228/Th-232 AR>>1 is obtained. The degree of disequilibrium, i.e., how much an activity 
ratio deviates from unity (0<AR<1 or AR>>1) gives additional information, i.e., whether 
the change in groundwater conditions favours solubility or precipitation of a decay series 
member and how recent and intensive the transient was. Depending on ﬂ ow conditions in 
fractures (stagnant or ﬂ owing, oxidising or reducing) U and Ra can be affected in different 
ways (Fig. 4). 
Ra-226
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Figure 2. Simpliﬁ ed presentation 
of the uranium decay series.
Figure 3. Simpliﬁ ed presentation 
of the thorium decay series.
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Case studies
We have examined two cases where man-made (Pyhäsalmi mine) and natural (Palmottu 
U deposit) hydrogeochemical disturbances have occurred. In the ﬁ rst case we wanted to 
examine whether the mining activities have reﬂ ected in the decay series (Marcos et al. 
2004). At Palmottu we studied whether glacial meltwater inﬁ ltration has been registered 
in the decay series.
Pyhäsalmi mine
Two sets of samples from close vicinity to excavation were analysed. The ﬁ rst set comprised 
Fe-oxyhydroxide-tinted fracture surfaces from gneiss drill cores (Fig. 5a) representing a 
large water-conducting fracture zone at a depth of 1325 m. The samples are from an interval 
of 1.72 m within the fracture zone. Fe-oxyhydroxide was chemically extracted by “dipping” 
into the oxalate-oxalic acid mixture (Tamm’s oxalate). The second sample set represented 
an intensively weathered and fragmented granite drill core 25 m deeper at the contact with 
the ore far away from any water-conducting fracture (Fig. 5b). Two disk fragments were 
taken to analyses. A whole disk was immersed into boiling aqua regia and the other disk was 
ground to powder which was then extracted.
In the Fe-oxyhydroxide samples the U-234/U-238 AR varied between 1.34 and 1.92, indi-
cating U mass ﬂ ow during the last 1 Ma. The Th-230/U-234 AR varied between 0.51 and 0.58, 
indicating that most of U in these samples must have accumulated within the time frame of 
maximum model age ∼ 50 ka. The Th-238/Th-232 AR varied between 9.8 and 16, indicating 
considerable Ra mass ﬂ ow during the last 30 years.
In the fragmented granite disks the U-234/U-238 AR ≈1 and Th-238/Th-232 ≈1, indi-
cating that no ﬂ ow at all or stagnant conditions have prevailed during millions of years. 
Figure 4. Possible U and Ra mass ﬂ ow events in frac-
tures. If there has been signiﬁ cant hydrochemical 
disturbance its range and attenuation can be studied 
using natural decay series. Mobilisation or accumu-
lation of U and Ra (by advection or diffusion) can be 
indicated as characteristic disequilibrium values (see 
text).
Rock
Rock  
Fracture  Stagnant w ater 
Rock
Rock  
Fracture  Flow  
Rock
Rock  
Fracture  ”Skin” effect  
Figure 5 a) Fracture surfaces in gneiss 
drill cores after extraction of Fe-oxy-
hydroxides.
Figure 5 b) Weathered granite pegm-
atite drill core with loose fragmented 
“disks” at the contact with the ore. 
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Palmottu U-deposit
A sample from the Palmottu natural analogue site was chosen because 
of the earlier observations of glacial meltwater inﬁ ltration in the site 
(Blomqvist et al. 2000; Suksi et al. 2003; Rasilainen et al. 2003). The 
site is particularly suitable for studying past hydrogeological distur-
bances because of the large amount of U distributed in the bedrock 
and because the ice margin stopped slightly over 10 Ka ago in the area 
for hundreds of years. Applying the U-series method to the well-char-
acterised Palmottu site, whose glaciation history is known, offered us 
a unique opportunity to test the method, too. If U had been mobi-
lised during the last glaciation cycle certain disequilibrium values 
would be expected in the results of the measurements. The disequi-
librium values measured did appear to be in good agreement with the 
possible U mobilisation events derived from the glaciation history of 
the site (Blomqvist et al. 2000; Suksi et al. 2003). 
In this study we studied a shallow drill core sample. The sample 
comprised Fe-oxyhydroxide scraped from a ﬂ ow channel surface 
found in a drill core sample of granite pegmatite from a postulated 
ﬂ ow route at a depth of 31 m. The brownish zone (Fig. 6) is part of an 
opened mm-scale ﬁ ssure or fracture whose length is unknown. In this 
sample we measured an unusually high Th-230/U-234 AR = 12, which 
indicates that the rock has experienced very recent and intensive U 
leaching. U leaching had been earlier studied using U mass-balance 
calculation and U-series modelling. The results indicated that the U 
leaching cannot be older than 10 Ka.
Discussion
Observations from the Pyhäsalmi mine show excavationinduced changes in groundwater 
ﬂ ow patterns. Changes have produced disequilibria in natural decay series. Disequilibria 
were observed in two independent decay series: Th-228/Th-232 >> 1 (16) indicating distur-
bances within the last 30 years, and Th-230/U-234 << 1, indicating disturbances within the 
last 50 ka years. Distinguishing between excavation-induced and natural disturbances could 
not be done as samples collected prior to excavation were not available for this study.
The results from Palmottu point to the occurrence of natural disturbances in the site. 
The Th-230/U-234 activity ratio over 12 indicates strong oxidative leaching of U. Since the 
leaching of U has occurred at the depth of 31 m and it has been very intensive, it can hardy 
be explained by only present recharge and therefore it is assumed that glacial meltwater 
intrusion and subsequent strong early postglacial recharge in periglacial conditions would 
have induced U leaching.
Conclusions
This study was performed to demonstrate the potential the natural decay series have in 
developing groundwater modelling in the context of underground excavations. Two cases 
containing both man-made and natural disturbances were studied. The observations in 
the Pyhäsalmi mine unequivocally indicated changes in groundwater conditions that can 
be at least temporally attributed to mining activities. Observations of the inﬂ uence of a 
natural disturbance (inﬂ uence of glacial meltwaters and subsequent strong early postglacial 
recharge?) were also obtained at Pyhäsalmi. At Palmottu, where no mining activities have 
taken place, the inﬂ uence of natural hydrogeochemical disturbances could be unequivo-
cally indicated. 
The two case studies presented here show that the natural decay series in various 
combinations can be used to verify pre-excavation groundwater ﬂ ow modelling for any 
large underground construction. This is important if the inﬂ uence of excavations and 
future evolution needs to be predicted. Since natural disturbances and excavation can 
cause similar changes, it is of importance that they can be separated from each other. This 
can be done by studying the rock groundwater system before excavations.
Th-230/U-234 = 12
Figure 6. Sample R384/34 m. The rock surface repre-
sents a ﬁ ssure surface where the brownish zone is 
assumed to delineate an opened mm-scale ﬁ ssure 
where oxidising water has ﬂ owed.
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Question by Koskinen, Finland
Is there enough uranium in rocks at Olkiluoto to allow accurate U–Th series studies?
Reply by Marcos, Finland
Yes, there is an average of several ppm. 
Question by Blomqvist, Finland
Your samples were very few. Can they be considered statistically representative?
Reply by Marcos and Suksi, Finland
The measurements  of the few samples are accurate and representative, but of course, the more samples we
could analyze the better data could be integrated in the modelling.
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A thorough report of the results can be obtained from the Posiva www site (http://www.
posiva.ﬁ /raportit/Posiva_2003-07.pdf). In this presentation, few additional data were 
given.
Question by Blomqvist, Finland
How can you explain sulfate in the brackish water?
Reply by Pitkänen, Finland
The explanation lies with the ancient sea/lake stages of the Baltic Sea, which covered the site after the melting 
of the Quaternary glacier.
Questions by Frape, Canada
(1) Your data on C-13 need some explanation?
(2) Are the 7000-years-old waters stagnant?
Reply by Pitkänen, Finland
(1) There may exist some bacterial inﬂ uence.
(2) The old waters are on the deep levels, and they are partly even much older. I think they are stagnant.
Petteri Pitkänen, Sami Partamies & Ari Luukkonen
VTT Building and Transport, Espoo, Finland
(see Vol. of Abstracts, p. 23)
Hydrogeochemical interpretation of baseline 
groundwater conditions at the Olkiluoto site
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Chairman Esa Rönkä opened the session and thanked the participants for lively and inter-
esting contributions that introduced, among other  things several new ideas. Accordingly 
he also concisely listed issues that were meant to be still discussed and decided during the 
remaining half an hour.
Then Rönkä as  the Finnish representative of the Regional Working Group, informed 
about his intention to withdraw from the Steering Committee. He also suggested that the 
new Finnish representative could be Jussi Leveinen from Geological Survey of Finland 
who could also chair the ﬁ nal discussion. These suggestions were unanimously accepted.
Final discussions and conclusion
Wednesday at 13.50 –14.30 in SYKE 
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The objectives of the workshop as well as the IAH Commission on Hardrock Hydrogeology 
is stimulation and initiation of international co-operation between hydrogeologists. 
Therefore, the workshop participants were asked to point important research topics to 
be addressed in different countries, in Fennoscandian Shield or in hard rock areas in 
general.
The issues pointed  out by different participants representing Nordic and Baltic Countries, 
Canada and Portugal include the following: 
1.  Management of hardrock groundwater in archipelagos and coastal areas including 
sustainable extraction, groundwater protection and risk assessment. 
2.  Quantitative assessment groundwater recharge in hardrock areas. 
3.  Relationships between tectonics, rock stress and hydraulic properties of fractured 
rocks.
4.  Groundwater inﬂ ow and mass ﬂ uxes to Gulf of Finland and large lakes and the local 
impacts in radionuclide and heavy metal concentrations in sediments and waters in 
the discharge areas: implications for environmental protection and the assessments 
of good chemical status.
5.  Fractured sedimentary rocks in Estonia and the Baltic countries (with low intergran-
ular porosity) as hardrock aquifers (following the deﬁ nition by IAH Commission). 
6.  Long-term stability of deep repositories and crystalline groundwaters.
7.  Impacts on non-point sources in hard rock areas: comparison of problems in Canadian 
Shield area.
8.  Hydrogeological impacts of underground construction in hardrock areas. 
9.  Effects of mining activities and groundwater management in arid hardrock areas.
10. Data collection and registers/GIS databases for dug and drilled wells 
Many of the topics listed above, are actually included by the more general topics depicted 
during the discussion. These comprise the following:
1.  Distinction of impacts of anthropogenic and natural processes of groundwater quality 
and ﬂ ow systems.
2.  Study of scale effects in modelling. 
3.  Co-operation of different specialists: multidisciplinary approaches to management 
and protection of hardrock groundwater.
Possible ways to stimulate hardrock hydrogeological research and co-operation could be 
the more wide use of the data produced by nuclear repository investigations as study mate-
rial and information source in Finland and Sweden.
The proceedings of the workshop will be published in the series  ”Finnish Environment, 
International Co-operation”. The abstracts will be made available through IAH website. 
Instructions to contributors will be made well before the deadline, which was set to end 
of September.
A tentative suggestion for the next meeting place was made to St. Petersburg in Russia, 
organized by St. Petersburg State University possibly with other Russian research organisa-
tions which may be willing to participate in the Working Group in the future.
Jussi Leveinen
Geological Survey of Finland, Espoo, Finland
Closing discussion
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In the end, on behalf of the IAH as well as the foreign participants, KRÁSNÝ  thanked 
Chairman Rönkä and the hole Organising Committee for their hospitality and agreeable 
arrangements.
Finally, the Chairman of the Organising Committee expressed his appreciation to all 
the contributors and participants and, in particular, the Secretary General of the Workshop, 
Mrs. Tuulikki Suokko, for successful work during the Workshop. In conclusion, he expressed 
his feeling that the workshop was highly interesting and fruitful.
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